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This paper describes the cloning and characterization of a new member of the vascular endothelial growth 
factor (VEGF) gene family, which we have designated VRF for VEGF-related-f actor. Sequencing of cDNAs 
from a human fetal brain library and RT-PCR products from normal and tumor tissue cDNA pools indicate 
two alternatively spliced messages with open reading frames of 621 and 564 bp, respectively. The predicted 
proteins differ at their carboxyl ends resulting from a shift in the open reading frame. Both isoforms show 
strong homology to VEGF at their amino termini, but only the shorter isdform maintains homology to 
VEGF at its carboxyl terminus and conserves all 16 cysteine residues of VEGF 165 . Similarity comparisons of 
this isoform revealed overall protein identity of 48% and conservative substitution of 69% with VEGF I39 . 
VRF is predicted to contain a signal peptide, suggesting that it may be a secreted factor. The VRF gene maps 
to the D11S750 locus at chromosome band Hql3, and the protein coding region, spanning ~5 kb, is comprised 
of 8 exons that range in size from 36 to 431 bp. Exons 6 and 7 are contiguous and the two isoforms of VRF 
arise through alternate splicing of exon 6. VRF appears to be ubiquitously expressed as two transcripts of 2.0 
and 5.5 kb; the level of expression is similar among normal and malignant tissues. 



Vascular endothelial growth factor (VEGF), also 
known as vascular permeability factor (VPF), is a 
secreted, covalently linked homodimeric glyco- 
protein that specifically activates endothelial tis- 
sues (Kecketal. 1989; Leung et al 1989;Senger et 
al. 1993). This factor is involved in a variety of 
physiological processes, including normal angio- 
genesis, formation of the corpus luteum (Yan et 
al. 1993), placental development (Sharkey et al. 
1993), regulation of vascular permeability (Sen- 
ger et al. 1993), inflammatory angiogenesis (Sun- 
derkotter et al. 1994), and autotransplantation 
(Dissen et al. 1994), as well as pathological con- 
ditions such as tumor-promoting angiogenesis 
(Plate et al. 1992; Christofori et al. 1994), 

VEGF is a distant relative of the platelet- 
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derived growth factor (PDGF) gene family with 
many of the cysteine residues involved in dimer- 
ization of these proteins conserved in position 
(Leung et al. 1989; Keck et al. 1989). A more 
closely related homolog of VEGF is placenta 
growth factor (P1GF) (Maglione et al. 1991), 
which shares 39% amino acid identity and 62% 
conservative substitution. Furthermore, VEGF 
and P1GF contain 8 cysteine residues in homolo- 
gous positions, occur as dimeric proteins, and are 
therefore likely to have similar tertiary structures 
(Maglione et al. 1991). VEGF'and P1GF have been 
found to occur together as heterodirners in vivo 
(DiSalvo et ai. 1995). No other closely related 
homologs of the two proteins have yet been 
reported. 

While attempting to identify candidate genes 
for multiple endocrine neoplasia type 1 (MEN1), 
which maps to chromosomal region llq!3 (Lars- 
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son et al. 1988), we isolated a 
panel of cDNAs using cosmid 
CCLGW4 (D11S750) known to 
map to this region (Larsson et al. 
1992). This cosmid was found to 
contain two previously described 
genes, PLCB3 (Weber et al. 1994) 
and FKBP2 (Grimmond et al. 
1995), as well as novel genes (La- 
gercrantz et al. 1995a, b). Here we 
describe the cloning and charac- 
terization of a differentially 
spliced gene from the D11S750 lo- 
cus, encoding a protein that we 
have designated VRF (VEGF- 
related factor), that has striking 
sequence homology with VEGF. 

RESULTS 

Cloning of VRF cDNAs 
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The original VRF cDNA," termed 
pSOM175, was isolated by screen- 
ing a human fetal brain library 
(Stratagene) with the cosmid 
D11S750 (Larsson et al. 1992). 
cDNA library screening with 
pSOM175 recovered several par- 
tial but overlapping cDNAs for 
VRF. A composite sequence of the 
entire coding region was deter- 
mined and found to consist of a 
621 -bp open reading frame (ORF), 
412 bp of 3' untranslated region 
(UTR), and 2 bp of 5' UTR (Fig. 1, 
GenBank accession no. U43368). 
Attempts to isolate cDNAs with 
longer 5' UTRs were unsuccessful; 
therefore, the corresponding re- 
gion from genomic DNA was 
sought. An 850-bp Pstl restriction fragment from 
cosmid CCLGW4 (D11S750) (Larsson et aL 1992), 
which contained exon 1 and an undetermined 
•amount of the 5' UTR, was cloned and partially 
sequenced, from which -60 bp of the 5' UTR im- 
mediately upstream of the initiation codon was 
determined (GenBank accession no. U43370). To 
confirm that the sequences upstream of the ATG 
were 5' UTR, an ExoIII deletion subclone of this 
region (corresponding approximately to nucle- 
otide positions -250 to -750 with respect to the 
initiation codon) was used to screen Northern 



-60 ccccgcgccgcccggctagggcgatgcgggcgcccccggcgggcggccccggcgggcacc 

1 ATGAGCCCTCTGCTCCGCCGCCTGCTGCTCGCCGC^CTCCTGC/vGCTGGCCCCCGCCCAG^ 
MSPLLRRLLLAALLQLAPAQ 

6 1 G CC CCTGTCTCCC AGCCTGATGCCCCTG GC CACCAG AG GAAAOTGGTGTCATGGAT AGAT 
^APVSQPDAPGHQRKVVSWID 

121 GTGTATACTCGCGCTACCTG CC AGCCCCGGGAGGTGGTGGTGCCCTTGACTGTGGAGCTC 
VYTRATC QPREVVVPLTVEli 

181 ATGGGCACCGTGGCCAAACAGCTGGTGCCCAGCTGCGTGACTGTGCAGCGCTGTGGTGGC 
M G T V A K Q LV p SCVTVQR CG G 

241 TGCTGCCCTGACGATGGCCTGGAGTGTGTGCCCACTGGGCAGCACCAAGTCCGGATGCAG^ 
CCPDDGLECVPTGQH-QVRMQ 

301 ATCCTCATGATCCGGTACCCGAGCAGTCAGCT*GGGGGAGATGTCCCTGGAAGAACACAGC 
ILMIRYPSSQLGEMSLEEHS 

3 61 CAGTGTGAATGCAG^CCTAAAAAAAAGGACAGTGCTGTGAAGCCAGACA G^GCTGCCACT 

QCECRPKKKDSAVKPDRAAT 

421 CCCCACCACCGTCCCCAGCCCCGTTCTGTTCCGGGCTGGGACTCTGCCCCCGGAGCACCC 
P HHRPQP RSV PGWDSAPGAP 

4 B 1 TCCCCAGCTCACATCACCCATCCCACTCCAG CCCCAGGCCCCTCTGCCCACGCTGCACCC 

S P A D :-I T Ji PTPAPGPSAHAAP 

SPRPLCPRCT 

541 AGCACCACCAGCGCCCTGACCCCCGGACCTGCCGCTGCCGCTGCCGACGCCGCAGCTTCC 
STT SA LT PG PAAAA-A 'DAAA S 
QHH QR PDFRTCRCRCRRRSF 

601 TCCGTTGCCAAGGGCGGGGCTTAGAGCTCAACCCAGACACCTGCAG^TGCCGGAAGCTGC 
SVAKGGA * 
LRCQGRGLELNPDTCRCRK L- 

661 GAAGGTGAcacacggcr.ttt:cagactcagcagggcgacttgcctcagaggctatatc:cca 
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gtgggggaacaaaggggagcctggtaaaaaacagccaagcccccaagacctcagcccagg 
cagaagctgctctaggacctgggcctctcagagggetctLctgccatccctt.gtct:ccct 
caggccatcatcaaacaggacagAgttggaagaggagactgggaggcagcaagaggggtc 
acataccagctcaggggagaatggagtact:gtctcagtttctaaccac:tctgtgcaagta 
agcatcttacaactggctctccctcccctcactaagaagacccaaacctctgcataatgg 
gattcgggccttggtacaagaar.tgtgacccccaaccctgataaaagagatggaaggaaa 
aaaaaaaaaaaaaaaaaaaa 



Figure 1 Nucleotide and predicted peptide sequences of VRF derived 
from the cDNA clone pSOM175 (nucleotides -2 to po!y(A) tract) or ge- 
nomic DNA (nucleotides -60 to -3 inclusive). The numbering of nucle- 
otides is given at left starting from the A of the initiation codon. Amino 
acids are numbered at right, starting from the first residue of the predicted 
mature protein after the putative signal peptide has been removed. The 
alternately spliced region is double underlined, and the resulting peptide 
sequence from each mRNA is included. Start and stop codons are under- 
lined. The positions of intron/exon boundaries are indicated by inverted 
arrowheads. 



blots. Bands corresponding in size to messages 
obtained with VRF cDNA probes were observed 
; (data not shown). 

The putative start codon (Fig. 1) matches the 
vertebrate consensus sequence [(GCC)GCC{A/ 
GjCC ATG GI described by Kozak (1987). Further- 
more, based on VRF's homology to VEGF (see be- 
low), this ATG is likely to represent the genuine 
translation start site. However, in-phase stop 
codons were not identified upstream of this site. 
An out-of-frame ATG is located at position -37 
but is not part of a Kozak consensus sequence. 
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The 3' end of the cDNA contained a long poIy(A) 
tail that was not preceded by a canonical polya- 
denylation signal (AATAAA) ■ (Birnstiel et al 
1985); a related sequence, GATAAA, is -18 nucle- 
otides upstream of the poIy(A) tail (Fig i) 

A second isoform of VRF [designated VRF ]( „ 
in keeping with the nomenclature for VEGF ffis 
cher et al. 1991; Houck et al. 1991) whereby the 
isoforms are identified by the amino acid lengths 
of the mature proteins once the signal peptides 
nave Deen cleaved from the NH 2 -termini] was 
identified after sequencing PCR products gener- 
ItV™™ human fetal brain cDNA lysates and 
ll'v PCR P r °^ ucts fr0 ™ * renal cell carcinoma. 
V1 ^i67 (GenBank accession no. U43369) differs 
from VRF 186 as a result of a 101 -bp deletion be- 
tween positions + 411- + 511 (inclusive) in the 
cDNA encoding the latter (Fig. 1). This not only 
deletes -33 amino acids from within VRF 186 but 
also results in a different carboxy-terminal pep- 
tide sequence through the introduction of a 
frameshift within the ORF that terminates at a 
new site downstream of the stop codon utilized 
in generating VRF 186 . 

Comparison of VRF Isoforms to the VEGF Family 

The nucleotide sequences and predicted transla- 
tion products of VRF cDNAs (Fig. 1) were com- 
pared against peptide and nucleotide data bases 

rrc-r\ BLAST ' F ° Ur ex P reS5ed sequenced tags 
(fcSTs) (GenBank accession nos. H28025 H39505 
R56770, T08411) were identified as having re- 
gions of identity with VRF. Significant homology 
was observed with VEGF and other 
gene family members. Nucleotide 
alignment of the respective cDNAs re- 
vealed regions of sequence identity on 
the order of 59% (124/212 bp). The 
amino acid homology between 
VRF J86 and VEGF 189 was 32% identity 
and 49% similarity over the entire 
peptide. However, it was notable that 
no similarity was observed over the 
carboxy-terminal quarter of the pro- 
teins. Sequence alignments of the 
VRF 167 isoform showed greater overall 
similarity to members of the VEGF 
gene family than VRF 186 . Peptide ho- 
mology comparisons revealed 48% 
identity and 69% similarity between 
VEGF and VRF 167 , respectively. This 
increase in VEGF homology relative to 
VRF 186 was attributable to additional 
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conservation of several distinct regions located to- 
ward the carboxyl-terminus of the protein (Fig 2) 

2"?™ < R S- } ) and the four isoforms of 
VEGF (Houck et al. 199 1) are similar, and a region 
homologous to the signal peptide at the amino 
terminus of VEGF (von Heijne 1986; see Fig 2) is 
also present in both VRF isoforms. The nomen- 
clature of the VRF isoforms has. been derived as- 
suming that the signal peptide is cleaved from 
the preprotein in the same place as VEGF (Keck et 
al. 1989; Leung et al. 1989), that is, after alanine 
21 in VRF or alanine 26 of VEGF (Fig. 2). Cysteine 
residues were found to be highly conserved be- 
tween VRF 167 and other members of the VEGF 
gene family. Both VRF isoforms contained the 8 
cysteines maintained among VEGF, P1GF, and 
the PDGFs, but an additional 8 cysteine residues 
were conserved among VRF 167 , VEGF 189 , and 
P1GF, all of which were located within the diver- 
gent carboxy-terminal end of VRF ]67 . The strik- 
ing conservation of number and position of these 
residues suggests that these three proteins are * 
likely to have very similar tertiary structures. 

Several peptide regions within VEGF that are 
believed to be associated with protein dimeriza- 
tion are maintained between VEGF and both VRF 
isoforms. The strongest areas of homology in- 
clude regions located in the mature protein after 
amino acids 49-71 (PSCVxxxRCGGCCxDx- 
GLECVPT) and 101-107 (CECRPKK) of VRF In 
addition, VRF lfi7 . also displays homology to 
VEGF at the extreme carboxy-terminal end 
(TCRCxKxRR; amino acids 159-167). 



25 TCQPREVyVTLTVELKGTVAKQLVP ^ 

75 ™IL>IIR. Y p S SQ^ lig 
75 NITODRKPHQ^ 124 

120 L y PR ^^---P3PRTCRCRCRRRSFLRCQGR 151 

125 QKRKRWWRYKWSVra ^ 

152 GLELNPDTCRCRKLRR 167 

mi I | | | I fl 

174 QLELNERTCRCDKPRR 189 



tw- c Hom °'°9y comparison between VRF 167 and VEGF, 89 pep . 

vKfE^i" w a ™ marks /«* ^ peptide cleavage'site of 
VEGF Identical ammo acids are indicated by vertical bars and con- 

ZZ a k V Ub f ' tU , t,0ns colons - Th * numbering of amino acids is as 
described in the legend to Fig. 1 . 
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Figure 3 Genomic restriction map (B, E, and N represent restriction sites BomW\, EcoR\, and Not\ f respectively) 
and intron/exon structure of the VRF gene together with its orientation relative to other genes within cosmid 
cCLGW4 (D11S750). Sizes of introns and alternatively spliced RNAs are indicated. 



The putative heparin binding clusters located 
at positions 121-135 of mature VEGF (Leung et 
al. 1989) are not conserved within the VRF iso- 
forms. However, a noncontiguous clustering of 
basic residues located at the far carboxyl terminus 
of the VEGF 12l peptide, which is believed to ac- 
count for its heparin binding ability (Cohen et al. 
1995), is present in VRF lfl7 . 



Characterization of the VRF Gene 

We have shown above that the VftFgene is alter- 



Table 1. 


Intron/Exon Boundaries of the Human VRF Gene 


5 ' UTR 




1 


(Xbp*) 


GCCCAG gtacg-gcgg 


Intron I {564bp) 


tctcccacag 


GCCCCT Exon 


2 


(43bp) 


GGAAAG gtaatactta 


Intron II (313bp) 


ctgctcccag 


TGGTGT Exon 


3 


{197bp) 


ATGCAG gtcctgggca 


Intron III (24 6bp> 


ctgagcacag 


ATCCTC Exon 


4 


(74bp> 


ATGCAG gtgccagcca 


Intron IV (-600bp) 


tact.tt.ccag 


ACCTAA Exon 


5 


I3 6bp> 


AGACAG gtgagtcttt 


Intron V (184bp) 


uctccctag 


GGCTGC Exon 


6 


(lOlbp) 




{No intron) 


CCCACTCCAG 


CCCCAG Exon 


7 


C13 5bp) 


CTGCAG gtgaggcgtc 


Intron VI <~800bp) 


ccctcctcag 


GTGCCG Exon 


8 


(431bp) 


GGAAGG 




Upper- and lowercase letters denote exonic and intronic sequences, respectively. 
*The 5' end of exon 1 has not yet been determined. 



nately spliced to yield two major mRNA and pro- 
tein isoforms. From establishing the intron/exon 
structure of the protein coding region of this 
gene (Fig. 3; Table 1) we have found that the 
VRF J67 isoform is generated by the removal of 
exon 6 from pre-mRNA prior to translation (Fig. 
3). The hypothesis that VRF x 67 (pSOM 175-6.) was 
derived by alternate splicing of VRF and not an-, 
other closely related gene was further confirmed 
by hybridizing a VRF cDNA to Southern blots of 
human genomic DNA. As the genomic region of 
the VRF gene had been restriction mapped previ- 
ously (Fig. 3), genomic DNA was 
digested with restriction en- 
zymes (EcoKl, BarnHl) that were 
known not to cut within VRF, 
hybridized with pSOM175-6, 
and revealed a single band of the 
expected size. The VRF gene was 
also mapped against a human- 
hamster hybrid panel, confirm- 
ing single-gene copy number 
and localization to llql3 (data 
not shown). 

The strong conservation of 
exon/intron organization be- 
tween members of the VEGF 
family (Houck et al. 1991; Tis- 
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cher et aL 1991) was similarly- 
extended to the genomic 
structure of VRF. In nearly ev- 
ery case, the exon/intron 
boundaries (Table 1) were 
found to be in the same loca- 
tion as the VEGF gene. The ex- 
ception was exon 6 of VRF, 
which was contiguous with 
exon . 7 (i.e., no intervening 
sequence but conservation of 
the exon/intron boundary po- 
sition). This suggests that 
exon 6 in the VRF gene is de- 
rived from a partially retained 
intron. 

Orientation of the VRF Gene 



kb 

9.5- 
7.5- 



4.4 — 




The location and orientation 
of the human VRF gene (Fig. 
3) within cos mid cCLGW4 
(the D11S750 locus), which 
maps to chromosome llq!3 
(Larsson et al. 1992), was de- 
termined by PCR between 
primers from either end of the 
VRF cDNA and a primer lo- 
cated within the 5' end of FKBP2. Only an exon 
7-specific VRF primer and a primer within the 5' 
UTR of FKBP2 gave a specific amplification prod- 
uct using both genomic DNA and cCLGW4 as 
template. Direct sequencing of the termini con- 
firmed the specificity of this product (data not 
shown). 

Expression Studies of -VRF 

Northern blot analysis of a total of 20 normal 
human tissues as well as cultured fibroblasts and 
lymphoblastoid celf lines revealed that VRF was 
expressed in all samples studied, with no obvious 
predominance in any tissue after normalization 
with GAPDH (Fig. 4A). Two bands of 5.5 and 2.0 
kb were visible in all samples assayed.- We as- 
sessed VRF expression in normal endocrine tis- 
sues, an insulinoma, and a medullary thyroid car- 
cinoma. VRF was expressed in all samples, al- 
though the level in both tumors was reduced by 
50% which corresponded to the loss of one chro- 
mosome 11 allele (Weber et al. 1994). Because 
VEGF has been shown previously to be overex- 
pressed in highly malignant tumors (Plate et al. 
1992) we assayed levels of VRF mRNA in a panel 
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Fi - 9 u r u * W) Autoradi °9 r aph of multiple tissue Northern blot hybridized 
with the VRF cDNA clone pSOMI 75. Size markers are indicated in kilobases at 
left Two transcripts of 5.5 and 2.0 kb were detected in all samples. Results of 
control hybridization of the same biots using GAPDH cDNA are included in the 
ower panel (6) RT-PCR of alternative splice forms of VRF in norma! human 
tissue mRNAs. (Lane 7) Size markers (OX174 DNA cut with HoelllV (lane 2) 
negative control; (lane 3) normal kidney; (lane 4) normal lung; (lane 5) normal 
pancreas; (lane 6) normal colon. 



of 11 glioblastomas, 13 metastasizing and 12 
nonmetastasizing breast carcinomas, and 34 re- 
nal cell carcinomas. Compared with their normal 
counterparts or nonmalignant cell lines, elevated 
transcription was not found in any of the tumors. 

As it was not possible to differentiate be- 
tween the alternately spliced VRF IHcJ and VRF I67 
mRNAs by Northern analysis owing to the small 
size difference (101 nucleotides), RT-PCR was 
performed to confirm further the presence of 
both messages in normal and tumor tissues. A 
region corresponding to the carboxy-terminai 
end of the ORF (nucleotide positions + 362- 
+ 590; see Fig. 1) was amplified from a panel of 
matched human normal tissue/tumor mRNAs 
with two major products being identified (Fig. 
4B). Direct sequencing of these products con- 
firmed that they represented the two different 
VRF isoforms. 

DISCUSSION 

We have cloned and characterized a new member 
of the VEGF gene family, which we have desig- 
nated VRF. The strong homology between VEGF, 
PJGF, and VRF reflects conservation of structural 
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motifs important for peptide function (i.e., 
homo/heterodimerization and heparin binding). 

As yet, the various roles of VRF in vivo re- 
main to be elucidated. We have shown here that 
VRF possesses strong homolgy to several angio- 
genic factors, and investigations into its effect on 
endothelial cell function are ongoing. Further- 
more, its ubiquitous expression pattern suggests 
that its role may extend beyond the endothe- 
lium. In light of the recent report that VEGF and 
P1GF form heterodimers in vivo (DiSalvo et at. 
1995), it is possible that VRF may also interact 
with one or both of these factors in a similar fash- 
ion. As VRF proteins have divergent carboxy- 
terminal ends, with the longer isoform lacking 
some of the motifs involved in VEGF stability 
and function, it is tempting to speculate that this 
isoform could act as an antagonist/regulator of 
the shorter isoform. 

Recent studies of VEGF function have re- 
ported the importance of heparin binding that is 
involved in dimerization and transport and as- 
sists in binding of the protein to some receptors 
such as fltl (Gengrinovitch et al. 1995). One of 
the major heparin binding domains (basic cluster 
of residues at position 121-135; see Fig. 2) of 
VEGF (Leung ,et al. 1989; Ferrara et al. 1992) is 
absent from both VRF isoforms. However, VRF l67 
may still be capable of heparin binding through a 
region of basic amino acids at its carboxyl termi- 
nus, provided the tertiary structure of the protein 
allows the clustering of .these noncontiguous 
residues. 

The strong sequence homology between 
VEGF, P1GF, and VRF reflect conservation of ge- 
nomic structure between their genes with a sim- 
ilar number of exons, near identical intron/exon 
borders, and the existence of alternately spliced 
mRNA, particularly involving exon 6. One signif- 
icant difference between VRF and the other VEGF 
gene family members is that the alternately 
spliced messages of VRF reported here give rise to 
proteins with different carboxyl termini. We 
show that this phenomenon arises through the 
retention or deletion of exon 6. Retention of in- 
tervening sequences in mRNA has been docu- 
mented as a post-translational regulatory mech- 
anism in several genes including P-transposase in 
Drosophila (for review, see Maniatis 1991) and bo- 
vine growth hormone pre-mRNA (Dirksen et al. 
1995). The retention of an intron that results in a 
frameshift and different carboxyl termini is an 
uncommon phenomenon but has been reported 
recently for the [31 -adrenergic receptor in the tur- 



key (Wang and Ross 1995). In the case of P-adren- 
ergic receptor, intronic retention gives rise to two 
receptor types and is involved in providing tissue 
specificity. The mechanisms that control intron 
retention in pre-mRNAs have been studied for 
some genes and involve specific' splicing repres- 
sor factors (for review, see Maniatis 1991). Thus, 
studies to determine the possible role of such 
factors in regulation of the VRF gene appear 
warranted. 

While the elucidation of all the possible roles 
of VRF continues, it is tempting to speculate that 
the two VRF protein isoforms act in an antago- 
nistic or self-regulatory manner, similar to that 
reported for the turkey p-adrenergic receptor iso- 
forms (Wang and Ross 1995). 

The genomic localization of VRF at D11S750 
places it within a 900-kb region known to con- 
tain the MEN} gene (Weber et al. 1994). In a large 
panel of tumors of endocrine and nonendocrine 
origin, a reduction in expression of VRF was only 
observed in those endocrine tumors known to be 
hemizygous for chromosome llq, suggesting 
this was a gene dosage effect. Although VRF has 
not yet- been excluded as a MEN1 candidate by 
mutation analysis, its putative role as a growth 
factor makes it an unlikely candidate for- the 
MEN1 tumor suppressor gene. 

METHODS 

cDNA Cloning Sequencing, and Analysis 

Screening of a human fetal brain library (Stratagenel with 
the cosmid D11S750 (Larsson et al. 1992) was performed as 
described (Viskochil et al. 1992). The 1.1-kb insert of 
SOM175 was used as a probe to isolate other cDXAs from 
a human fetal spleen library (Stratagene). The isolated cD- 
"NAs were sequenced on both strands using standard man- 
ual sequencing and automated sequencing protocols 
(PRISM, Applied Biosystems, Inc.. model 373A). Oligonu- 
cleotides, nested deletions (Erase-a-base, Promega), and 
specific cDNA subclones were generated to complete total 
cDNA sequences- PCR product's generated from the cDNAs 
were first purified from agarose gels (Qiagex gel purifica- 
tion columns, Qiagen) and then sequenced. Sequences 
were compared with the current GenBank data base at the 
National Center for Biotechnology Information (NCBI) us- 
ing the BLAST algorithm (Altschul et al. 1990). Peptide 
homology alignments were performed using the program 
BESTFIT (GCG Wisconsin). 

Northern Blot Analysis 

Multiple tissue Northern blots (Clontech) containing 
poly(A)* RNA from heart, brain, placenta, lung, liver, skel- 



GENOME RESEARCH ^ 1 29 



CRIMMOND ET AL 



etal muscle, kidney, pancreas, spleen, thymus, prostate, 
testis, ovary, small intestine, colon, and peripheral blood 
leukocytes were used to determine expression of VRF in 
normal human tissues. Northern filters from renai cell car- 
cinomas and breast carcinomas were kindly provided from 
Drs. Ulf Bergerheim, Moraima Zelada, and Esther Schmidt. 
The extraction of poly(A)* RNA from normal adrenal, pan- 
creas, thyroid, parathyroid, kidney, fibroblasts, lympho- 
blastoid cell lines, and endocrine tumors, the preparation 
of blots, and the hybridization conditions with cDNA 
probes were performed as described (Weber et al. 1994). 



RT-PCR 

Total RNA was isolated from a panel of human tumors and 
matching normal tissues (colon, lung, liver, kidney, pan- 
creas), and cDNA synthesis reactions were carried out us- 
ing 5 ug of RNA, random hexamers, and AMV reverse tran- 
scriptase (Promega) following methods recommended by 
the manufacturer. Five hundred nanograms of reverse- 
transcribed cDNA mixture (1 ul) was used in a PCR reac- 
tion to detect possible alternately spliced messages. Alter- 
natively, 1 ul of high titer (>10 9 PFU/ml) cDNA library 
lysate was used as a template. The primers were 36ZV (5'- 
AGTGTGAATGCAG ACCT-3') and 590R (5'- 
GCGTCGGCAGCGGCAGCGG-3-). PCR products were vi- 
sualized after electrophoresis through high percentage 
(3%) agarose gels stained with ethidium bromide. Alter- 
nately spliced products were confirmed by direct sequenc- 
ing as described above. 



Genomic Sequencing and intron/Exon Mapping of 
the VRF Gene 

Cosmid cCLGW4 (Larsson et al. 1992) was used as tem- 
plate and sequenced on both strands using both manual 
dideoxy sequencing methods and automated fluorescentiy 
labeled "dye terminator'' (PRISM, Applied Biosystems, 
Inc.) cycle sequencing as described above, except that 2 ug 
of cosmid template and 20 pmoles of primer were used in 
each reaction. PCR products from genomic DNA were also 
sequenced using dye-terminator cycle sequencing after pu- 
rification of products from agarose gels using Qiagex gel 
purification columns (QiagenJ. An oligonucleotide (19F r 
5'-CGCCTGCTGCTCGCCGCACT-3') was made to a region 
corresponding to nucleotides 19-38 with respect to the 
initiation codon, end-labeled with [y- 32 P\ dATP, and hy- 
bridized to a Southern blot of a series of shotgun-cloned 
Pstl restriction fragments from cosmid cCLGW4 subcloned 
into pBluescript KS- (Stratagene). A single hybridizing 
clone with an 850 bp insert was sequenced on both strands 
as described above. 

Intervening sequences were located by sequencing of 
cosmid CCLGW4 (Larsson et al. 1992) using oligonucle- 
otide primers from the VRF cDNA sequence determined 
above. Comparison of cDNA and cosmid sequences re- 
vealed the exact location of each exon/intron boundary. 
The size of each intron was then determined by PCR am- 
plification using flanking exonic primers and cCLGW4 or 
genomic DNA as template. Amplified products were gel 
purified and directly sequenced to confirm intron/exon 
boundaries. The intron sizes were determined either by 



complete sequencing of the intervening sequence or esti- 
mated by electrophoresis through high percentage agarose 
gels. 
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We describe here ihc molecular cloning and characterization of ihc murine homolog of the human \ascular 
endothelial growth factor- related factor [VRF\ gene. cDNAs'for two alternatively spliced forms of the murine 
vrf gene have been isolated, the putative translation products' of which differ at their carboxyl termini due to a 
shift in reading frame caused by insertion, or lack thereof, of ex on 6, in a similar fashion to human VRF <h VRF). 
The message lacking exori 6 encodes a protein onvrf,,-) with Kn'/J identity and 92# conservation of amino acid 
residues with hVRF. The protein coding region of the gene spans approximately 5kb of genomic DNA and is 
composed ol X cxnns ranging in .size from 36 to 39 8 bp. The genomic structure of murine vrfts highly conserved 
with the human homolog in relation to position of splice junctions and the presence of contiguous e.xons ft and 
7. A short polymorphic AC repeat is present in the 3' untranslated region of murine vrf A major hand ol 
approximately 1.3kb was expressed in all adult mouse tissues examined. >, iwh Academe iv t ^v. i.k. 

Angiogenesis is an important physiological process in embryonic development, somatic growth, 
wound healing, tissue and organ regeneration and cyclical growth of the corpus lutcum and 
endometrium | reviewed in I. 2]. The growth and differentiation of capillary vessels is a complex 
process in which endothelial cells migrate, proliferate and are involved in degradation of the 
extracellular matrix and tube formation. The formation of capillaries is also associated with a 
number of pathological conditions which include tumor growth |3-5j. diabetes-related retinopathy 
[61. atherosclerosis and rheumatoid arthritis [7|. Vascular endothelial growth factor (VEGF), is a 
mitogen that is highly selective for endothelial cells [8, 9], and belongs to a family of growth 
factors that includes platelet derived growth factor (PDGF) -A and PDGF-B [8: 9|. and placenta 
growth factor (PIGF) [10]. Native VEGF is normally found as a homodimer and is one of the 
ligands for the jh/flk family of receptor tyrosine kinases found on the surface of vascular endo- 
thelial cells [reviewed in II, 1 2|. Heterodimers of VEGF and PIGF were identified recently m vivo 
and found to be mitogenic [13]. 

The VEGF transcript is differentially spliced to produce four distinct peptides that have variable 
biological properties and activities | reviewed in 14. I5|. We recently cloned and characterized a 
gene from humans that encodes a VEGF-related factor (VRF) 1 16|. Human VRF (hVRF) tran- 
scripts are alternately spliced with two major isoforms (hVRF IK{) and hVRF Ul7 J being present. The 
smaller isoform (hVRF lft7 ) lacks an lOlbpexon (exon 6) and maintains strong amino acid sequence 
homology to VEGF throughout the peptide while the larger message possesses a divergent alanine- 
rich carboxyl terminus. In this report we describe the isolation of the homologous gene from mouse 



Sequences presented in this article have been submitted to the CF.NBANK database and appear under accession numbers 
LM3X36 and U43837. 

To whom correspondence should be sent at Queensland Institute of Medical Research. P.O. Royal Brisbane Hospital. 
Herston 4029. Australia. Fax: (61) 7 3362 0107: E-maii: nickH@-qimr.edu.au. 

Abbreviations: hVRF - human VEGF-related factor: mVRF - murine VEGF-related factor: PDGF platelet dcrocd 
growth factor: PIGF - placenta growth factor: UTR • untranslated region: VEGF - vascular endothelial growth factor: VRF 
- human VEGF-related factor gene: vrf - murine VEGF-related factor gene. 
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Characterization of Murine vrf 
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which likewise encodes two major protein isoforms which arise through alternative splicing of 
exon 6. 

MATERIALS AND METHODS 

Isolation ofcDNAs. Murine vrj clones were selected from a lambda Zap new born whole brain cONA library {5»tratagene>. 
Primary phage from high density filters (5 x K) J pfu/plate) were identified by hybridization with a 6K2bp °P-hihelled probe 
'encrjied by PCR from an human VKFcDSA lpSO.M175) as described previously | 16|. Hybridization and stringent washes 
of nylon membranes (Hybond-N) were curried out at 65 C C under conditions described by Church and Gilbert 1 17|. Positive 
plaques were picked, purified and excised in vivo to produce bacterial colonies containing cDNA clones in pBluescript SK-. 

Inflation af 'genomic chaws. Genomic clones were isolated from a mouse strain SV/129 library cloned in the lambda Fix 
11 vector iSlralegenc). High density Tillers (5 x I0 4 pfu/filler) were screened with a 563bp -'-p-lahelled probe generated by 
PCR amplification of the nucleotide 233-798 region of the murine rr/'cDNA (see Fig. 1 ). Positive clones were plugged and 
rc-sereened with fillers containing 400-800 pfu. Large scale phage preparations were prepared using the QJAGEN lambda 
Lit t>r by ZnCli purification | 18]. 

Nucleotide sequencing and analysis. cDNAs were sequenced on both strands using a variety of vecior-based and intcrnul 
primers with Applied Biosystems Incorporated <ABIj dye terminator sequencing kits according to the manufacturer's 
specifications. Sequences were analyzed on an ABI Model 373A automated DNA sequencer. Peptide homology alignments 
were performed usin» the program BESTFIT (GCG. Wisconsin). - 

Uleiuificatum aj~ intmn/exoit boundaries. Identification of exon boundaries and Hanking regions was carried out using 
PCR with mouse genomic DNA or murine vrj genomic lambda clones as templaies. The primers used in PCR to identify 
intmn^ were derived from the human VRF sequence [16| and to allow for potential human-mouse sequence mismatches 
annealing temperatures 5-10 c C below the estimated T„, were used. All PCR products were sized by agarose gel electro- 
phoresis and gel purified using QIAquick spin columns (Qiagen) and the intrun/exon boundaries were sequenced directly 
from these products. In addition, some splice junctions were sequenced from subcloned genomic fragments of vrf. Intron/ 
{\im boundaries were identified by comparing cDNA and genomic DNA sequences. 

Northern analysis. Total cellular RNA was prepared from a panel of fresh normal adult mouse tissues f brain, kidney, 
liver, muscle) using the method of Chomezynski and Sacchi 1 19 J. 20u,g of total RNA were electrophorescd. transferred to 
a nylon menihranc (Hybond N. Amersham) and hybridised under standard conditions 1 17). Fillers were washed at 65°C in 
0.1 x SSC (20 x SSC is 3M NaCl/0.3M trisodium citrate). 0. 19r SDS and exposed to X-ray film with intensifying screens 
at -70°C for 1-3 days. 

RESULTS AND DISCUSSION 

Characterization of Murine vrf cDNAs 

Murine i ! r/' homologs were isolated by screening a murine cDNA library with a human VRF 
cDNA clone. Five clones of sizes varying from 0.8-l.5kb were recovered and sequenced. The 
cDNA sequences were compiled to give a full length 1 233bp cDNA sequence covering the entire 
open reading frame (621 bp or 564bp depending on the splice form, see below) and 3' UTR 
(379bp), as well as 189bp of the 5' UTR (Fig. L GEN BANK accession number U43836). 

The predicted initiation codon matched the position of the start codon in human VRF \ 16]. Two 
other ATG codons (positions -34 and -80) and a termination codon (position -41) were observed 
upstream and out of frame with the putative initiation codon. 

The predicted N-terminal signal peptide of hVRF [161 appears to be present in mvrf with 81% 
identity (17/21 amino acids). Peptide cleavage within mvrf is expected to occur after residue 21 
(Fig. 2). These data suggest that mature mvrf is secreted and could therefore conceivably function 
as a growth factor. 

As with hVRF, two open reading frames (ORFs) were detected in cDNAs isolated by library 
screening. Four of five clones were found to be alternatively spliced (GENBANK accession 
number U43837) and lacked an 101 bp fragment homologous to exon 6 of hVRF [16]. The 
predicted peptide sequences of the two isoforms of mvrf were determined and aligned with the 
corresponding human isoforms (Fig. 2). 

The message encoding mvrf 1MF) contains a 62lbp ORF with coding sequences terminating at 
position +622. towards the end of exon 7 (Fig. 1 ). The smaller message encoding mvrf K)7 actually 
terminates downstream of the +622 TAG site due to a frame shift resulting from splicing out of the 
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ctcaggccgtcgctgcggcgctgcgttgcgctgcctgcgcccagggctcgggagggggcc 
gcggaggagccgccccctgcgccccgccccgggtccccgggtccgcgcc^tggggctctg 
gctgccgccgccccccacgccgccgggctagggccatgcggccgctcccg-gcctcgcccc 
cgcggcaccATGAGCCCCCTGCTCCGTCGCCTGCTGCTTGTTGCACTGCTGCAGCTGGCT 
MS P LLR RLL LVA L LQ LA 

CGCACCCAGGCCCCTGTGTCCCAGTTTGATGGCCCCAGCCACCAGAAGAAAGTGGTGCCA" 
RTQAPVSQFDGPSHQKKVVP 

TGGATAGACGTTTACGCACGTGCCACATGCCAGCCCAGGGAGGTGGTGGTGCCTCTGAGC 
W IDVYARATCQP _REVVVPLS 

ATGGAACTCATGGGCAATGTGGTCAAACAACTAGTGCCCAGCTGTGTGACTGTGCAGCGC 

melm-gnvvkqlvpscv.tvqr. 

tgtggtggctgctgccc7gacgatggcctggaatgtgtgcccactgggcaacaccaagtc 
cggcc pdd glecv ptgqhqv 

c g aatgc ag atcc tc atg atcc agtacc cg agc ag tc agctggggg ag atgtccctggaa 
rmqilmiqypssqlgemsl'e" 

gaacacagccaatgtgaatcca^ccaaaaaaaaaggagagtgctgtgaagccagacagg 
ehsqcec rpkkkesavkpdr" 

gttgccataccccaccaccgtccccagccccgctctgttccgggctgggactctaccccg 
vaiphhrpqprsvpgwdstp 



472 GGAGCATCCTCCCCAGCTGACATCATCCATCCCACTCCAG CCCCAGGATCCTCTGCCCGC 
GASSPADTIHPTPAPGSSAR 

S P R I L C P 

53 2 CTTGCACCC AGCGCCGTCAACGCCCTGACCCCCGGACCTGCCGCTGCCGCTGCAGACGCC 
LAPSAVNALTPGPAAAAADA' 
P.CTQRRQRPDPRTCRCRC'RR 



GCCGCTTCCTCCATTGCCAAGGGCGGGGCTTAGAGCTCAACCCAGACACCTGTAGGTGCC 

AASSIAKGGA* 
RRFLHCQGRG LEL NPDTCRC 

GGAAGCCGCGAAAGTGAcaagctgctttccagactccacgggcccggctgcttttat.ggc 
R K P R K * 



cctgcttcacagggagaagagtggagcacaggcgaacctcctcagtctgggaggtcactg 
ccccaggacctggaccttttagagagctctctcgccatcttttatctcccagagctgcca 
tctaacaattgtcaaggaacctcatgtctcacctcaggggccagggtactctctcactta 
accaccctggtcaagtgagcatcttctggctggctgtctcccctcactatgaaaacccca 
aacttctaccaataacgggatttgggttctgttatgataactgtgacacacacacacact 
cacactctgataaaagagatggaagacactaacaaaaaaaaaaaaaaaaaaaaaaaa 



-5 



16 



36 



56 



76 



96 



116 



136 



156 
122 



175 
142 



186 
162 



16" 



FIG. I. Nucleotide and predicted peptide sequences derived from murine lrf cDNA clones. Numbering of nucleotidcN 
is given on the led. darting from the A of the initiation codon. Amino acids are numbered on the right, starting from the 
first residue of the predicted mature protein after the putative signal peptide has been removed. The alternately spliced 
region is double underlined and the resulting peptide sequence from each mRNA is included. A potential polyadenylatinn 
signal is indicated in boldface. Start and stop codons of mvrt lh? and mvrf IM , arc underlined and a polymorphic AC repeal 
in the 3' LTR is indicated by a stippled box. The positions of intron/exon boundaries are indicated by arrowheads. 

lOI.bp exon 6 and the introduction of a stop codon (TGA) at position +666, near the beginning of 
exon 8 (Fig. 1 ). 

The mvrf 1K6 protein has strong homology to the amino and central portions of VEGF while the 
carboxyl end is completely divergent and is alanine rich. The rnvrf lft7 possesses these similarities 
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TABLE 1 

Splice Junctions of the Murine vrf Gene ' 



.V UTR* 


Exon 1 >249bp 


CCCAGgtaegtgcgt 


In iron 1 




mcccacagGCCCC 


Exon 2 43bp 


GAAAGgtaataatag 


Intron 1! 


ctgeccacagTGGTG 


Exon 3 I97bp 


TGCAGgiaccagggc 


Inlron HI 


' l^hp 
iJOty 


cteagcacagATCCT 


Exon 4 74hp 


„ TGCAGgigccageca 


Intron IV 


cieimcagACCAA 


Exon 5 36bp 


GACAGgtgagttttt 


Inlron V 


■ Mbp 


eicctcctagGGTTG 


Exon 6 lOlbp 




(no intron) 
Inirun VI 


CCCACTCCAGCCCCA 


Exon 7 I35bp 


TG TAGglaaggagte 


— 22(Kibp 


cncicetcaeGTCCC 


Exon -8 398bp 


ATGGAAGACACTAAC 





Uppercase and lowercase leuers denote exonic and imronic sequence, respectively. ^Indicates that the 5' end of a n 
I has nnt yet been determined. 

and also maintains homology to mvegf right through to the C-ierminus (Fig. 3). The overall 
homology of mvrf l(>7 to hVRF lf)7 was 86% identity and 92% similarity respectively (Fig. Ij. 
Likewise, homology between mvrf lft7 and mvegf [20] was 49% identity and 71% conservative 
amino acid substitution respectively (Fig. 3). 

A canonical vertebrate polyadenylation signal (AATAAA) 121] was not present in the iv/cDNA. 
however, the closely matching sequence GATAAA is present at similar positions in both mouse 
and human VRF cDNAs (Fig. I). In contrast to human VRF, murine ivfwas found to contain an 
AC dinutieotide repeat at the extreme 3' end of the 3' UTR (nucleotide positions 997 to 1010. Fia. 
1). Polymorphism of this repeat region was observed between some of the vrf cDNAs, with the 
number of dinucleotides varying from 7 to 1 1 (results not shown). 

Genomic Characterisation of Murine vrf' 

Intron/exon boundaries (Tabic I ) were mapped using primers which flanked sequences homolo- 
gous to the corresponding human VRF boundaries [16]. Introhs I. III. IV and VI of murine vrf 
(Table I. Fig. 4) were smaller than the hVRF intervening sequences [I6|. There was complete 
concordance between the human VRF and murine vrf genes with respect to lengths of each of the 
exons. The complete genomic sequence was compiled from the 5' UTR of iv/ through to intron VI. 
the largest intervening region (2.2kb). by sequencing amplified introns and cloned genomic por- 
tions of it/" (data not shown). 




PDGF-B [ 



FIG. 4. Comparison of gene structure between VRF (a generic VRF gene is shown since ihe imron/cxoii organizaii.ii 
ot the mouse and human homologs is identical) and other members of the human V EG F/P I G F/P DG F gene family. Exo* 
are represented by boxes. Protein coding regions and untranslated regions are shown by filled and op^n sections, respec- 
tively. The hatched region in VRF indicates the additional 3' UTR sequence formed by alicrnaic splicing of the VRF, 
isolbrm. Potential alternate splice products of each gene arc shown. 
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|gt -he VLCJF gene family and therefore it Is not surprising that the ovcraH genomic organisation of 
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We have characterised the promoters of the human 
and murine VRF (vascular endothelial growth factor 
(VEGF) related factor) gene. A series of deletions were 
made of a 553-hp region 5' of the VRF initiation codon 
and were used in a luciferase reporter gene assay to 
determine the minimal promoter of the VRF gene. The 
region between base pairs -443 and -195 was suffi- 1 
cient to mediate transcription in lymphocytes and the 
region between -550 and -443 enhanced this pro- 
moter activity. Primer extension studies identified two 
regions of transcription initiation, both of which are 
preceded by Spl, AP-2 and Egr-1 transcription factor 
binding sites. The VRF promoter is similar to VEGF in 
that it is associated with a CpG island, contains sites 
for Spl and AP-2, and lacks a TATA box. However, it 
has marked differences in that the promoter contains 
Egr-1 sites and lacks both hypoxia-inducible factor-1 
and AP-1 sites. These data may indicate that expres- 
sion of these two growth factors is regulated by differ- 
ent physiological Stimuli. 1997 Academic IVcw 



We recently described the characterisation of a new 
member of the vascular endothelial cell growth f actor 
1 VEGF) gene family which we called VRF for VEGF- 
related growth factor [1, 2], but which is also known 
as VEGFB [3]. To date, this family of growth factors 
consists of VEGFA/VEGF/VPF 1.4, 5], VEGFB/VKF 11- 
3] : VEGFC/VRP T6, 71, placenta growth factor [8], as 
'.veil as the more distantly related platelet-derived 
growth factor (PDGFs) A and B [9]. 

1 Sequences presented in this article have been submitted to the 
'.lENBANK database and appear under accession numbers U80601 
.md U80602. 

-To whom correspondence should be sent at Queensland Institute 
if Medical Research, P.O. Rnyal Brisbane Hospital, Herston 4029, 
Australia. Fax: (61 1 7 3362 0107: E-mail: gintS©qimr.edu.au. 

Abbreviations: HIF-I - hypoxia-inducible factor-]; PDGF - platelet 
derived growth factor; UTR - untranslated region; VEGF - vascular 
yndothelial growth factor: VRF - human VEGF-related factor gene: 
murine VEGF-related factor gene. 



The intron-exon architecture of human VRF and mu- 
rine Vrf [1, 2) are similar to that of VEGFA, and al- 
though only two alternately spliced forms of VRF have 
been identified (that give rise to proteins with different 
carboxyl tails), more isoforms are expected based on 
the gene's similarity to VEGFA. VRF has a wide tissue 
distribution in adults [1-3 J and expression during 
mouse fetal development has been "shown to be most 
abundant , in heart, spinal cord, cerebral cortex and 
brown fat [10]. VEGFA, in comparison, is chiefly ex- 
pressed in brain, kidney, liver, lung, spleen, as well as 
heart [11-131. The expression pattern of these genes 
appears to be quite distinct, although specific roles for 
VEGFA and VRF/VEGFB in vasculogenic and angio- 
genic events have yet to be distinguished. 

As a first step to understanding the regulation of 
VRF gene expression, we have characterised the pro- 
moters of the human (VRF) and murine i.Vrf) genes. 
Reporter gene assays and primer extension studies 
were employed in identifying the minimal promoter 
region of VRF, and analysis of transcription factor 
binding motifs revealed that although the VRF and 
VEGFA promoters share common elements, there are 
also marked differences between the two promoters. 

MATERIALS AND METHODS 

Cloning, nucleotide sequencing and analysts. The cloning of geno- 
mic fragments containing the human VRF |1 1 and murine Vrf genes 
|.2| have been reported previously. A Ps/I-restriction fragment con- 
taining part of the first coding exon of VRF plus the 5' flanking 
region (that included the 3' end of a novel gene • manuscript in prepa- 
ration I j was subcloned from cosmid cCLGW4 U |. Both nested dele- 
tions (Erase -a -base, Promcga) and cloned restriction fragments of 
the region were sequenced on both strands as described previouslv 
II. 2]. 

The cloning of a phage genomic clone (XI 21 i containing the mouse 
W/'gene has been reported previously [21. Two Nvol -restriction frag- 
ments from X121 that collectively spanned exon 3 to the 5' flanking 
region were blunt-ended and cloned into the ZLYoRV site of pBlue- 
script II KS (Stratagene) and sequenced as described for VRF. The 
sequence data were compiled using MacVector 4.2.1 software iIBI- 
Kodakt. ClustafW (141, CpG Plot. [GCG, Wisconsin i t Sigscan 1151 and 
BLAST flCl analyses were conducted using the Australian National 
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Genome Information Service computer faculty at the University of 
Sydney, Australia. 

Primer extension analysis. The oligonucleotide 5' - TCC CGA 
GCC CTG GGT OCA G-3' was radiolabeled with | v- :! -P]ATP (GOOOC j 
mmol , Amersham:- and T4 polynucleotide kinase (New England 
Biolabsj. one of labelled primer Upli were annealed to 60>g of total 
RNA in \0u\ of annealing buffer consisting of 250mM KCI and 10mM 
Tris-HCl, pH 8.3. Total RNA was isolated from a lymphoblastoid cell 
line using an RNeasy Total RNA Kit (Qiagen i. Annealing proceeded 
at 80 J C for 5 min and then at 5S°C for 45 min. First strand synthesis 
was allowed to proceed at 52°C for 45 min after the addition of 22.4// 1 
of a reverse-transcription mix consisting of 3mM MgCly. 47mM Tris- 
HCl, pH 8.3. lOmM dithiothreitot. O.SmM dKTP mix and 200U of 
Superscript II RNasell- reverse transcriptase (GIBCO, BRL). The 
RNA component was hydrolysed, the cDNA was precipitated, resus- 
pended, resolved on an 8M urea/6** polyacryl amide gel and visuali- 
sed by autoradiography. The primer extension product sizes were 
estimated by comparison lo a sequencing ladder generated from 
pGEM~3zfl + i fPromegai with the pUC/M13 forward primer ''fmol 
DNA Sequencing System. Promega). 

Human VRF promoter constructs. The most proximal 45bp of the 
first coding exon ending at a Pstl site iGENBANK accession number 
U43370t plus varying lengths of 5' flanking region derived from the 
human Pstl genomic clone were inserted into the polylinker of the 
pGL2-basic luciferase vector 'Promegat. Restriction sites within this 
genomic Pstl fragment were utilised in generating directional dele- 
tions of the region. These included, (in addition to the full-length 
Pstl fragment shown in Fig. 1 h the Sue I site (position -5f>0), the 
BsfXl site ( position -443 i. the Eagl site f position - 195) and the Ncol 
site i position -85 1. 

Transections and measurements of luciferase activity. 4X L(V' EL4 
T cells were suspended in 400^1 RPMI 1640 tissue culture medium 
supplemented with 2rnM glutamine and 20mM Hepes pH 7.2, and 
electroporated with 5^fg of each luciferase reporter construct, or with 
5/jg empty pGL2-basic vector as a background control. Pulse condi- 
tions were 290V. 9G0/yF. Electroporated cells were transferred to 
10ml DMEM supplemented with fetal calf serum, 2mM .gluta- 
mine and 50// M tf-mercaptoethanol. and grown for24hr at37 c C in 0 r / 
CO-, prior to harvesting. Harvested cells were washed in phosphate- 
buffered saline, and lysates prepared and assayed for luciferase ac- 
tivity using a Luciferase Assay Kit fPromega). according to the manu- 
facturer s instructions. Luciferase activity was measured using a 
Packard Microplate Scintillation Counter. The protein content of 
each' sample was measured by Bradford Assay (BioRad, Hercules 
CAi. and values ranged from 42-68//g per sample. All data have been 
normalised to 50^/g protein. 

RESULTS AND DISCUSSION. . 

Sequence Analysis of VRF 

Sequence data for the open reading frame of VRF 
plus an adjacent 60bp of the 5' UTR have been reported 
previously [11. We have extended the sequence of the 
5' flanking region up to the transcribed region of a 
novel neighbouring gene as shown in Fig. 1. The pro- 
gram BLASTN identified nucleotide positions -629 to 
-553 as matching the 3' UTR of several cDNA entries 
from the expressed sequence tag database, complete 
with a polyadenylation signal ( AATAAA) beginning at 
position -570 (manuscript in preparation). The pro- 
moter of VRF was therefore expected to reside down- 
stream of this region. 

The cloning and partial characterisation of Vrf has 



betm published by Townson et al. [21. The previous!; 
reported 5' UTR of 189bp was extended an additional 
-440bp up to the 3' UTR of the neighbouring gene (Fig. 
1 i. (Note that 3 nucleotide discrepancies with respect t< 
our previously described 5' UTR sequence have beer, 
corrected in the updated GENBANK entry U43S36. 
Nucleotide sequences for the 5', flanking regions of th: 
VRF and Vrf genes are aligned in Fig. 1 and show 
^70 r /t- identity over this region. The sequences are 
G+C rich (—85% human, ~-79# mouse) downstream 
of the 3' UTR of the neighbouring gene and contain a 
high frequency of CpG dinucleotides. Fig. 2 shows thai 
the promoter of VRF coincides with a CpG island that 
spans the entire length of the region upstream of the 
initiation codon (Fig. 1). VEGFA, PDGF A and B, a? 
well as numerous other growth factor genes (as dis- 
cussed in [17]) also have G+C rich 5' UTRs. 

Human VRF has three additional, apparently non- 
utilised ATG codons (positions 37, 83 ; 296) up- 
stream of the reported translation start site (position 
+ 1). This start site was identified on the basis of se- 
quence homology to VEGFA as well as matching the 
Kozak consensus sequence for vertebrate translation 
initiation sites 11]. The three non-utilised ATG codon- 
are also conserved in Vrf (positions —37., -83, -306 
and the latter two are not in-frame with the translation 
initiation site in either organism. The ATG codon at 
position -296 in VRF is also out of frame, but transla- 
tion from the equivalent ATG codon from Vrf{ position 
-306) would extend the reported murine protein by 
an additional 102 amino acids [2]. However, primer 
extension studies with VRF (discussed below) predict 
that this ATG codon overlaps one region of transcrip 
tion initiation and is therefore unlikely to be present 
in a large proportion of -VRF transcripts. 

The possible function of these upstream ATG codon? 
is unknown, however, they may play a role in transla- 
tional control as has been suggested in the case of the 
genes encoding the A- and B- chains of PDGF which 
have also been reported to each have three additional 
ATG codons [18]. Similarly, a second conserved ATG 
codon appears within the 5' UTR of human "[17], mouse 
(19! and rat (20 1 VEGFA. 

Reporter Gene Assays 

In order to define the proximal promoter of VRF. 
restriction sites within the 5' flanking region (shown 
in Fig. 1) were used to generate successive deletion? 
from within the 3 f UTR of the neighbouring gene to- 
wards the transcription start site of VRF. These restric- 
tion fragments were directionally cloned into the pro- 
moted ess vector pGL2, transiently transfected into 
tymphocytes, and assayed for luciferase activity. The 
results from each of three experiments showed a simi- 
lar trend (Fig. 3), with the Pstl construct (Fig. 3, A- 
Pstl) that spans the coding region of VRF exon 1 to the 
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-629 '-■-gcagcgcgrccccgcttcgcttcc'iTiccctggacggcccgctccccgaaacgcgcgca I 
* * * * **»»** ****** * * * * * * t +**■*■* + 

-S67 aactaaatgggaccttcattggtccr;cicccrg--ct.gcctatccagaacr:acacgtgca 
Sad 

-56 9 ataaagcgattcgcagaUCTCGTGTCCGGCTCCCTCCTTAAGGCCCGACGCCCCCGGCCC 
**■•** * **» » » ****** * * * + * * » * * * 

- 5 1 9 a taaactca tt tccaga - CGCCrTGTCCGATTCGGTCCTTCAGGTCACGCATCTCCT 

AP-2 Spl AP-2 

I I 

- 5 0 9 CGGCCTCGCCAAC<<K3CAGCGCCCCGCCCTCCG3GTAGTGGCGGCGGCGACTGGGGAGCC 

-464 CACCCCTCCCCTCGTGAGGCAGCGAC CCCCGGACCT 

II 

- A 4 9 CAGCCTCCTGGGCGGTGCGTCCCCTTTCCCCTGCCGCGC-CC-GGAGGCGGGAGGGGGTGTG 

- 4 2 8 CGGCCTCCAGGGCGGTGTCTCCCCTTTCCCCTGCAGCGGCGGCAGG - -GGCGTT 

j Spl 
Spl Spl' AP-2 



A?- 2 
AP-2 | AP-2 
I 



Spl 
AP-2 



Egr-1 
| Spl 



-389 TGGAGGAGGCGGGCCCCGCCGACGGCCTCGCCCCCCCACCCCGCCGCCCCGCCCCCGCCC 

-37 6 TGGAGGGGACCGGCTCCGCCC CCCCCCCGCCTCCGCCC 

III I I 

Spl* j Egr-1 AP-2 AP-2 

AP-2 Spl Spl 

AP-2 Spl AP-2 
j >> > >>>> >> | 

-329 CACGGGCCGC-rGGGGAGCGCGTGTCTGGGTCACATGAGCCGCCTGCCCGCC AGCCCGGGC 

-•338 -GCG<3CCCGGTGG<3GAGCGCGTGTT?AGGTCACAT3AGCCTCTTGCCCGCCAGCCCC3GC 
I AP-2 | 

AP-2 Spl AP-2 
AP-2 I Egr-1 AP-2 

i I I > I 
-269 CCAGCCCCCCGCCGCCCCC- GCCGTCCCCGCCGCC- GCTGCCC. GCC 

-27 9 CAGGCCCCCTGCCACCCCCCGCCGTCCCCGTTGCCCGCCGTCCCGGCCACCACCGCCGCC 
I 

AP-2 
Spl AP-2 
AF-2 Spl Spl Eaol 

III I 
- 2 2 S GCC ACCGGCCGCCCGCCCGCCCGGCTCCTCCGGCCGCCTCCGCTGCGCTGCGCTGCGCrG 

-219 ACTACAGGCCX>CC7TGCCTC-TCTTGTTCCTCAGGCCGTCGCTGCGGCGCTGCGTTGCGCrG 

Spl AP-2 
AP-2 AP-2 Spl 

' ' II I 

-16 5 C CTGCACCCAGGGCTCGC-CA GGGGGCCGgGGAGC^GC^GCCCCCCGCaCCCr^C'rrcr^r 

-152 CCTGCGCCCAGGGXrrCGGGAGGGGGCCGCGGAGGAGCCGCCrCCTGCGCCCCGCCCCGOS 

i I I 

Spl Spl Spl* AP-2 
Ncol AP-2 AP-2 Spl - 

-105 CCGCCGCGCCCGasarCGCGCCATGGGGCTCTGGCTGCCXSCCGCCCCCCGCGCCGCCGGG 



Vrf -99 TC- 



-CCCGGGCCCGCGCCATGGGGCTCTGGCTGGCGCCGCCCCCCACGCCGCCGGG 



Vrf 



-45 
-45 



1 n 

Spi Spl I AP-2 

| ) AP-2 
CTAGGGCGATGCGGGCGCCCCCGGCGGGCGGCCCCGGCGGGCACCATGAGCCCTCTGCTC 

— *** Illlllll Itilll 

CTAGGGCCATGCGGGCGCTCCCGGCGCTCGCCCCCCGCGGGCACCATGAGCCCCCTGCTG 

I I 
AP-2 AP-2 - 
PstI 

VRF 16 CGCCGCCTGCT3CTCG-CGCACTCCTGCAG 

II MIMIIUII ! Mill I 1 1 i i I 

Vrf 16 CGTCGCCTGCTGCTTGTTGCACTGCTGCAG 

FIG. 1. Nucleotide sequence alignment of human I VRF\ nnd murine iVrf) VRF 5' flanking regions using the program ClustalVV, where 
an asterisk denotes a conserved nucleotide position and a vertical line indicates conservation within the open reading frame. The VRF start 
cccbii is designated position +1. The 3' UTR nf the neighbouring gene is represented in lower case lettering. Restriction sites used in 
generating the promoter constructs are labelled. Positions of the transcription start sites as determined by primer extension studies are 
shown by the symbol '"■>'' and the major sites are underlined. The position of the oligonucleotide used for primer extension is underlined. 
Si ting positions of the consensus binding sites for the transcription iactors Spl. "strong" Spl (*), AP-2 and Egr-1 are labelled and described 
in \hc text. 
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FIG. 2 CpGPIot of the VRF promoter region (based on the. sequence of Fig. 1>. Plot of Obs/Exp CpG dinucleotide (solid line) and "* lG -.- 
(broken line) againat the portion in the nucleotide sequence. The CpG island of the VRF P ene meets the criteria described hy Urser-- 
al. f 25} (>200bp region; mo\in? average %(G+C) > 50; moving Obs/Exp CpG > 0.6). * 



3' UTR of the neighbouring gene, producing a 1.6 to 
9.6-fold increase in luciferase activity over background 
levels. The Sad deletion construct (Fig. 3, B-Sacl) pro- 
duced the highest promoter activity (3.8 to 12.9-fold 
increase), presumably because the polyadenylation sig- 
nal (and possibly other czs-acting elements involved in 
transcription termination) from the neighbouring gene 
had been removed. The BstXl deletion construct (Fig. 3, 
C-BstXl) produced a lower (28-47%) promoter activity 
compared to the Sacl construct, but roughly equivalent 
to the activity observed for the Pstl construct. The Eagl 
and A^col deletion constructs (Fig. 3, B-Eagl, E-Ncol) 
had luciferase activities at background • levels. We 
therefore conclude that the 248bp region between 
BstXl (position -443) and Eagl (position -195) is suf- 
ficient to promote basal transcription of the VRF gene 
in lymphocytes, and that the 108-bp region upstream 
of this (up to the Sacl site at position -50) is necessary 
for maximal basal activity. 

Primer Extension Analysis, Structural Analyses of the 
Promoter Region 

Primer extension analysis, using an antisense oli- 
gonucleotide designed to anneal downstream (posi- 
tions -146 to -164) of the minimal promoter region 
was employed to identify the 5' end of the human 
VRF transcript. These assays consistently demon- 



strated the VRF gene to have two major regions... 
transcription initiation, although additional sir] 
sites were observed on longer exposure of the autorJ 
diographs (Fig. 4). The first region of transcript* j 
initiation consisted of a cluster of sites between poJ 
tions -229 and -238 (Fig. 1). A second and mcJ 
frequently used cluster of transcription initiatiJ 
sites appeared between positions -313 to - 287, sd 
gesting a maximum 5' UTR length of 313bp that : 
highly conserved (-84%) in the murine gene. It 
VRF 5' UTR is therefore much shorter in length thai 
that of the VEGFA gene f 171. I 
The mouse and human VRF promoter regions ueri 
scanned for consensus transcription factor bindhJ 
sites using the program Sigscan. Sites that pomf 
tially play a role in the regulation of VRF genet] 
pression, or that have been reported for VEGFA (i'l 
19, 20], are shown in Fig. 1. The region of transcri:] 
tion initiation between positions -313 and -287 if 
preceded by multiple consensus sites for Spl ill 
CCGCCC-3' or its complement 121, 22]) and AP-2ij| 
T/CCC/GCCA/CNC/GC/GC/G-3' or its complerrerl 
[23]), as well as a single site for Egr-1 (5'-GCG(| 
GGGGCG-3' or its complement [24]). Sites for Spjl 
AP-2 and Egr-1 are also found clustered in a simild 
position in the mouse gene. The same combinations] 
sites (in the human but not in the mouse geneipJ 
cede the downstream region of transcription initiJ 
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Relative promoter activity 

FIG. 3. Determination of the VRF minimal promoter region. Bec- 
kons of the VRF 5' flanking region were cloned into the pGL2 lucifer- 
a.se vector and assayed for their ability to induce lucifcrase activity 
■n EL4 T cells. The position of the polytA) tail Tor the neighbouring 
gene is shown in construct A and the exact location* of the restriction 
iites are shown in Fig. 1. Relative promoter activities for the con- 
structs based on triplicate experiments are represented by different 
shadings. 



tion (positions 265 to 209). Examination, of the 
highly conserved BstXI to Eagl region of VRF and 
Vrf revealed additional Spl and AP-2 sites. The Spl 
site at position -344 in the human gene (position 
-364 in mouse ) is also a perfect match to the "strong" 
Spl consensus 5'-G/AC/TC/TCCGCCCC/A-3' that 
has been reported for some of the Spl sites within 
the VEGFA promoter [17]. Indeed, the promoters of 
VEGFA and VRF appear to be organised similarly 
with respect to Spl and AP-2 sites, and both promot- 
ers are associated with a CpG island ( data not shown . 
for VEGFA), which typically encompass the tran- 
scription start sites of housekeeping and widely ex- 
pressed genes [25]. The presence of AP-2 sites is con- 
sistent with the observed expression patterns of 
these genes in tissues of neural origin [10, 26]. As 
with VEGFA [17, 19, 20], a consensus TATA box is 
absent from the VRF proximal promoter. 

The promoter of VRF also shows potentially im- 
portant differences to the promoter of VEGFA, for 
example, more than one region of transcription initi- 
ation appears to be utilised by VRF, and the human 
and mouse VEGFA promoter regions also contain 
CCAAT boxes upstream of their transcription start 
sites [17, 19]. Although multiple AP-l-like binding 
sites were reported for human VEGFA, only one con- 
sensus AP-1 site, located near to the hypoxia ele- 
ment, is conserved between human, mouse and rat 
sequences [17. 19, 20]. There is an absence of consen- 
sus AP-1 sites ( 5 '-TGANTC/AA-3 ' [27]) and se- 
quences resembling the hypoxia-inducible factor 



.(HIF-1: 5'-G/C/TACGTGCG/T-3' [281; VEGFA HIF-1 
match: 5'-TACGTGGG-3' [20]) m the VRF promoter 
region. However, it is possible that other hypoxia- 
responsive sequence elements, not related to HIF-1, 
influence transcription, potentially also from other 
regions of the gene (such as the 3' end) as has been 
reported for VEGFA [29]. 

The human VRF promoter has two occurrences of 
overlapping Egr-1 and Spl sites, upstream of the two 
major regions of transcription initiation. The replace- 
ment of Spl by Egr-1 at an overlapping- site can lead 
to inducible gene expression, as observed for the PDGF 
A and B genes [30, 31]. Overlapping Spl and Egr-1 
sites, however, are not present in the promoter region 
of VEGFA [17, 19, 20]. Studies of the PDGF A and 
B promoter regions infer that VRF may utilise novel 
transcription factor binding sites as well as perhaps 



•313 
-312 




X A C G T 

FIG. 4. Mapping of the V7?f transcription start site using primer 
extension analysis. Primer extension products ' lane labelled X.> were 
generated from lymphoblastoid cell line total RMA using the oligonu- 
cleotide shown in Fig. 1 and the sites of transcription initiation are 
labelled with arrows. The size standard was generated from 
pGEM-3zfT-) using the pUC/M13 forward primer (lanes G, A, T 
and C>. 
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non-consensus sites 132, 33). A candidate region likely 
to contain these sites is positioned between -404 and 
-455 of VRF, as the region is highly conserved in 
mouse and precedes the- upstream region of transcrip- 
tion initiation. ' . " 

The findings reported in this paper provide the first 
insight into the organisation of the VRF proximal pro- 
moter and address possible differences with respect to 
the promoter of VEGFA. Further studies will be aimed 
at elucidating the sequence elements important for in- 
ducible gene expression, in an effort to understand the 
role of VRF in vasculogenic and angiogenic events. 
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AbStraCt- 
Abstract: Vascular endothelial growth factor-B (VEGF-B) is closely related to VEGF-A, 
an effector of blood vessel growth during development and disease and a strong candidate for 
angiogenic therapies. To further study the in vivo function of VEGF-B, we have generated 
Vegfb knockout mice {Vegfb- 1 ). Unlike Vegfa knockout mice, which die during 
embryogenesis, Vegfb- 1 ' mice are healthy and fertile. Despite appearing overtly normal, 
Vegfb' 1 ' hearts are reduced in size and display vascular dysfunction after coronary occlusion 
and impaired recovery from experimentally induced myocardial ischemia. These findings 
reveal a role for VEGF-B in the development or function of coronary vasculature and suggest 
potential clinical use in therapeutic angiogenesis. The full text of this article is available at 
http://www.circresaha.org. 



Vascular endothelial growth factor-B (VEGF-B) i_l is a secreted growth factor that has 
strong sequence homology with VEGF-A, a primary regulator of angiogenesis in 
development, corpus luteum formation, wound healing, and cancer. -L VEGF-B can form 
stable heterodimers with VEGF-A land is generally coexpressed with VEGF-A. 5.6 VEGF-B 
can bind to two of the VEGF-A receptors, VEGFR-1 land neuropilin- 1 , s_suggesting that it 
may regulate the bioavailability and/or action of VEGF-A. $_ Although VEGF-B has been 
reported to behave as an endothelial cell mitogen, 2 part of the mitogenic activity reported 
may be due to VEGF-B/VEGF-A heterodimers. 5 

Several mouse models have been generated by gene knockout technology where the genes 
encoding Vegf-A or its receptors have been mutated. Both Vegfa-*- and Vegfa +/ - mice are 
unable to survive to term due to a general impairment of blood vessel formation in the early 
embryo, vjoVegfa 120/120 mice, where only two of the three major Vegf-A isoforms have been 
knocked out, die postnatally after cardiac failure due to widespread myocardial ischemia. 
llVegfrl-'- mice die as embryos due to defects in angiogenesis, j_ibut partial knockout mice, 
where only the tyrosine kinase-encoding portion of the Vegfrl gene is deleted, develop 
normal vasculature. H - 

To study the in vivo role of Vegf-B, we have generated a knockout mouse line and found 
that, unlike the Vegf-A-related knockouts, Vegfb' 1 - mice appear outwardly normal and fertile. 
Because Vegfb transcripts are expressed predominantly in the heart during murine 
embryogenesis and adult life, 1.14 ic suggesting a specific role for Vegf-B during cardiac 
development, we have concentrated on studying the cardiac phenotype in these mice. Vegfb' 1 - . 
hearts are reduced in size compared with hearts of Vegfb H+ littermates and display clinical 
symptoms of impaired recovery from experimentally induced ischemia. The results suggest 
an essential role for Vegf-B in establishment of a fully functional coronary vasculature and 
highlight the potential of this cytokine for application in the emerging field of therapeutic 
angiogenesis. 

Materials and Methods^ 

Generation of Vegfb +/ ' Miceu 

All mice used for the present study were supplied by the Animal Resources Centre 
(Western Australia), and their treatment was in accordance with the National Health and 
Medical Research Council (NH&MRC) guidelines for the care of experimental animals. 

Targeted inactivation of the Vegfb gene was achieved by replacing exons 3 to 7 ( Figure Va) 
with a promoter-less fbetaj-geo cassette. The fbetaj-geo gene was preceded by an internal 
ribosomal entry site to give cap-independerr .islation of [beta]-geo. n_ Targeted 129/SvJ 
ES cells (CI 368) were injected into C57BL/6J blastocysts to produce chimeras. Progeny of 
germline-transmitting chimeras were genotyped by polymerase chain reaction (PCR) 
amplification of tail-tip DNA using PCR1, 5'-TTT GAT GGC CCC AGC CAC-3'; PCR2, 5'- 
CCC CCA GCT GAC TGC TCG-3'; and PCR3, 5'-CTA GTG GAT CCC CCG GGC- 
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Figure L a, Diagram of the murine Vegfb gene (top), the targeting construct 
used to generate a Vegfb* 1 ' mouse (middle), and the final targeted locus 
(bottom). The exons of the Vegfb gene are shown as numbered boxes with the 
open reading frame as open boxes. The location and orientation of .the PCR 
primers used to genotype mice are shown as PCR1, PCR2, and PCR3. b, 
Genotyping PCR on Vegfb* 1 *, Vegfb*'-, and Vegfb- 1 ' DNA , using the primers 
shown in panel a. 



[beta]-Gal Staining and Immunohistochemistry^ 

Frozen sections and whole embryos were stained for [beta]-Gal as described. is_For 
quantitation of capillary density, transverse sections of the left ventricle (LV) were cut at 
comparable levels in Vegfb +/+ and Vegfb- 1 - P30 hearts (30 days postpartum) (4 hearts each), 
immunostained with anti-PECAM-1 (clone Ml 3, Pharmingen), and the capillaries counted 
using ImagePlus software on 7 randomly chosen fields ( x 40 magnification, [almost equal to] 
0.06 mm ? per field) in the epicardial, endocardial, and midmyocardial portion of the LV. 
Because no difference between genotypes was found within each portion, capillary density 
data were averaged for each heart. Coronary vessels were counted as anti-smooth muscle 
[alpha]-actin (FITC conjugated, clone 1 A4, Sigma)-stained vessels in whole sections. 

Heart Weight and LV Thicknessu 

Vegfb +/ +, Vegfb" 1 ', and Vegfb''- mice of either 129/SvJ or C57BL/6J*129/SvJ background 
were weighed. After dissection, the hearts were trimmed of surrounding tissue and weighed. 
A subset of the P25 hearts was fixed in formalin and microdissected to obtain a similar angle 
of section. LV thickness was measured on sections with a stage micrometer (n=10 Vegfb +/+ 
hearts; n=l 6 Vegfb +/ ~ hearts; n= 14 Vegfb-'- hearts). 

Langendorff Perfusions 

Hearts were isolated from mice anesthetized with 60 mg/kg sodium pentobarbital. Vegfb +/+ 
(161±7 mg wet heart weight [WHW], n=15), Vegfb +/ - (152±6 mg WHW, n=14), and Vegfb' 1 ' 
mice (155±7 mg WHW, n=16) hearts were perfused in the Langendorff mode as described. 

19 1 



For ischemia, baseline measurements were recorded from Vegfb* 1 * (n=8), Vegfb +f - (n=8), 
and Vegfb- 1 - hearts (n=8) after 30 minutes of stabilization. Global normothermic ischemia was 
initiated for 20 minutes before 30 minutes of aerobic reperfusion. To examine reactive 
hyperemia, a subset of hearts (n=7 for Vegfb* 1 *, n=6 for Vegfb*'', and n=8 for Vegfb-'-) was 
perfused as described above and after stabilization was subjected to a single 20-second period 
of zero flow followed by reperfusion at 90 mm Hg perfusion pressure. The coronary flow 
response was recorded, peak hyperemic flows were measured in individual experiments, and 
percentage of flow-debt repayment over the initial 60 seconds of reperfusion was calculated 
as follows: math where total coronary flows were measured in mL/g and were calculated by 
digital integration of coronary flow for the 60 seconds before and 60 seconds after occlusion 
using the Chart V3.5.6 program (AD Instruments, Castle Hill, Australia), and flow -debt was 
calculated as basal coronary flow (mL/60 seconds/g)x20 seconds of occlusion. 



Equation 1 



[Help with image viewing] 



Statistical Analyses^ 



Body/heart weight, LV thickness, and capillary density data were analyzed using unpaired 
Student's t tests. Body/heart weight data were also analyzed using the generalized estimation 
equation. 20 Hyperemia data were analyzed via one-way ANOVA and functional parameters 
by two-way ANOVA for repeated measures. Where significant effects were detected, the 
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Tukey's HSD post hoc test was used. In all tests, significance was accepted at P <0.05. 

An expanded Materials and Methods section is available online at 
http://www.circresaha.org. 

Results^ 

Generation of the Vegfb- 1 ' Mouses! 

The Vegfb knockout mice generated with the modified Vegfb locus shown in Figure la were 
produced in normal mendelian ratios, were healthy and fertile, and did not display any overt 
phenotype. The genotype of mice was determined by PCR amplification of tail-tip DNA 
from P10 pups ( Figure ib) . Rather than producing Vegf-B, this modified locus results in 
[beta] -Gal expression under the control of the endogenous Vegfb promoter (herein referred to 
as Vegf-B/[beta]-Gal). Because the Vegfb +/ - mice generated in this manner had no obvious 
developmental defects, we assumed that Vegf-B/[beta]-Gal expression in these mice 
accurately reflects the endogenous Vegfb expression pattern. 

Cardiac Vegf-B/[beta]-Gal Expression Pattern in the Vegfb +/ ' Mouse* 

Using [beta]-Gal staining, Vegf-B/[beta]-Gal expression was first detected in the heart at 
El 0.5 (embryonic day 10.5), it became prominent at El 2. 5 ( Fitrure 2a) and further increased 
thereafter ( Figure 2b) . Throughout development, Vegf-B/[beta]-Gal expression appeared to be 
restricted to the myocardium ( Fiuures 2c through 2g) and subepicardium ( Figures 2ti and 2h) and 
remained undetectable in endothelial cells, including those of the endocardium and coronary 
endothelium. Endocardial derivatives, such as the valve leaflets were always devoid of Vegf- 
B/[beta]-Gal expression. During development, the highest concentration of Vegf-B/[beta]- 
Gal-expressing cells was seen in the right ventricular myocardium and right aspect of the 
interventricular septum ( Figures 2a through 2c). Lower Vegf-B/[beta]-Gal expression was 
detectable in the LV ( Figures 2a and 2c) and the right atrial appendage ( Figure 2d) . The lowest 
expression was found in the atrial wall ( Figures 2c. 2d. and 2f) , where coronary angiogenesis is 
less conspicuous ( Figures 2e and 2f) . Within the right ventricle (RV), Vegf-B/[beta]-Gal staining 
was prevalent in the trabeculations ( Figure 2d) . The intensity of Vegf-B/[beta]-Gal expression 
increased further in the neonate heart ( Figures 2i and 2i) in correlation with the massive early 
postnatal coronary capillary and vessel growth. LlThe prevalence of Vegf-B/[beta]-Gal 
expression switches from the RV to the LV in the early neonatal period ( Figures 2i and 2i) 
reflects the predominant early postnatal capillarization of this chamber. 2j_In the juvenile 
heart, the ventricular prevalence of expression is lost, and the density of Vegf-B/[beta]-Gal- > 
expressing cells is similar in the ventricles and the atria (data not shown). . 
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Figure 2. Vegf-B/[beta]-Gal localization in the heart during development and 
after birth, a, Whole-mount E12.5 Vegf-B/[beta]-Gal-stained Vegfb H - (right) 
and Vegfb+ f - (left) hearts showing higher expression in the RV. b through d, 
Whole mount and sections of Vegf-B/[beta] -Gal-stained El 5.5 hearts, b, 
Vegfb +/ - whole mount. Vegf-B/[ beta] -Gal levels are very low in the aorta and 
pulmonary trunk, c, Longitudinal section of the Vegfb +/ ' heart shown in panel b. 
Note higher levels of Vegf-B/[beta]-Gal expression (staining blue) in the RV 
and right side of the interventricular septum (*) than the LV. d, Sagittal section 
through the RV. Note expression in the trabeculations of the ventricle and 
absence in the atria, e through h, El 7.5 hearts, e, Longitudinal heart section 
stained for PEC AM- 1 (staining brown). The rectangles represent the regions in 
panels f and g. f and g, Vegf-B/[ beta] -Gal and anti— PECAM-1 double labeling, 
f, Atrial region. The endocardium (arrows) is stained with anti-PECAM-1, but 
no capillaries have formed in this region, g, RV. Anti-PECAM-1 stains the 
endocardium (arrow) and the endothelium of numerous capillaries (arrowhead) surrounded by Vegf-B/[beta]-Gal- 
expressing cardiomyocytes in the myocardium and subepicardium h, Higher magnification of the subepicardial region 
stained for Vegf-B/[beta] -Gal expression showing several Vegf-B/[ beta] -Gal- positive cells, i through k, P3 Vegfb H ' 
mouse hearts, i and j, Vegf-B/[beta]-Gal staining of transverse heart sections, j, Section through the atrioventricular 
transition. Note prominent staining in the LV. j, Section through the ventricular region. Note the absence of staining 
around the coronary vessels (arrowheads), k and 1, Contiguous sections through a coronary arteriole stained for PEC AM - 
1 (j) and Vegf-B/[beta]-Gal (k). Vegf-B/[L eta] -Gal -expressing cardiomyocytes surround the capillaries, but Vegf-B/ 
[beta]-Gal is undetectable in the endothelium and smooth muscle layers surrounding the artery, rv indicates right 
ventricle; lv, left ventricle; *, interventricular septum; ra, right atrium; aa, atrial appendage; m, myocardium; se, 
subepicardium; and p, pulmonary trunk. Bar=500 um (a, b, d, e, i, and j) and 100 jam (c, f, g, h. k, and 1). 
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The great arteries in the heart expressed low levels of Vegf-B/[beta]-Gal at all stages of 
development (eg, F inure 2b) and in juvenile mice (data not shown). Vegf-B/[beta]-Gal was 
undetectable in the tunica intima and media of coronary vessels ( Fi mires 2i, arrowheads, and 2k 
and 21), although we found Vegf-B/[beta]-Gal expression in other vessels in the body (eg, the 
intralobar component of the pulmonary arteries) (data not shown). 

Postnatal Heart Growth in Vegfb''- Miceti 

Although histological examination of all organs revealed no differences between 
genotypes, Vegfb-'- hearts frequently appeared marginally smaller than their Vegfb +/+ and 
Vegfb +/ - littermates ( Fi mire 3a) . We recorded the total body and heart weight of 122 animals 
including male and female Vegfb +/+ , Vegfb H ; and Vegftr'- mice at several ages between P3 and 
P91. These mice were grouped as P3 to P9 mice (Vegfb + '+, n=l 5; Vegfb H \ n=20; and Vegftr'-, 
n=13) and P25 or older (Vegfb + '\ n=20;Fe,g/b +/ V n=28, md Vegftr'-, n=27). We found no 
consistent genotype-dependent decrease in body weigh; however, heart weight was always 
reduced in Vegftr'- mice. To account for the inherent interlitter and intralitter variability in 
body weight, due to sex, age, and genetic background, we used heart/body ratios to display 
the results. Although we found no significant difference in heart/body ratio in relation to sex 
or genetic background, statistical analysis revealed a dramatic increase in heart/body ratio 
from P3-9 to P25 (or older) in all animals regardless of genotype (Fiaire3b). There were no 
differences in percentage of heart/body weight ratios among genotypes in P3-9 mice 
(Vegfb + '\ 0.64±0. 02; Vegfb +/ \ 0.59±0.03; and Vegfb'\ 0.66±0.03), but we found a significant 
(P <0.05) decrease in percentage of heart/body weight ratio in P25 (or older) Vegftr'- 
(0.78±0.02) mice compared with Vegfb*'* (0.87±0.04) and Vegfb +/ - (0.89±0.02) mice (Figure 
2b). When familial (litter/parents) correlation among mice was taken into account, this 
significant difference remained (data not shown). No significant difference was found 
between Vegfb*'* and Vegfb +/ - mice at any stage. 



3 . 


Figure 3. Reduced postnatal heart size in Vegftr 1 ' hearts, a, Appearance of P25 
Vegftr*-, Vegfb +, ' y and Vegftr 1 * hearts from same-sex littermates, illustrating a 
slightly reduced Vegfb''- heart size, b, Percentage of body/weight ratio is 
significantly reduced in the juvenile (>P25) Vegftr 1 - mice but not in early 
postnatal mice (P3-9), indicating the impaired growth of the Vegftr 1 - hearts in 
the first few weeks after birth. Values are mean±SEM. *P <0.05 vs Vegfb*** 
mice^P <0.01 vs Vegfb* '■ mice. 
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The dramatic increase in heart weight during the first few weeks after birth is well 
documented and appears to be mainly due to massive growth of the coronary capillaries and 
vessels, but cardiomyocyte proliferation and hypertrophy also contribute. 22_No difference in 
the size of myocardial cells was found in histological sections in Vegfb*'*, Vegfb*'-, or Vegftr'; 
hearts (data not shown). LV thickness was significantly decreased in P25 Vegftr'' (0.80±0.03 
mm,* n=14) compared with Vegfb*'* (0.89±0.03 mm, n=10) and Vegfb* 1 ' (0.91±0.02 mm, 
n=16) hearts (*P =0.059 versus Vegfb*'* and P <0.05 versus Vegfb*'-). Analysis of capillary 
density using standard morphometric measures found no significant differences between P30 > 
Vegfb*'* (2321±255 capillaries/mm 2 ) and Vegftr'' (2334±253 capillaries/mm 2 ) hearts. Vessel 
density measures in adjacent heart sections also showed no differences between Vegfb*'* 
(270±10 vessels/section) and Vegfb''- (275±14 vessels/section) hearts. 
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Reactive Hyperemic Responses in Vegfb +/ +, Vegfb +/ ', and Vegfb' f ' Heart*! 

Baseline contractile function and coronary flow were equivalent in Langendorff-perfused 
hearts from all three groups under normoxic conditions (see Table online, 
http://www.circresaha.org). To test whether alterations in vascular function would be more 
evident during active responses to modified myocardial 0 2 delivery, we exposed hearts to 
transient (20 seconds) coronary occlusion and studied the hyperemic response on reperfusion. 
The reactive hyperemic responses differed subtly between groups ( i ; iaurc 4) . Although peak 
hyperemic flow was comparable in all three groups of hearts (32 to 36 mL • mnv 1 • g" 1 ) 
( i ; igurc 4a) , overall flow-debt repayment during the initial 60 seconds of reperfusion (during 
which flow recovered to preocclusion levels) was significantly lower in Vegfb-'- mice 
([almost equal to] 60%) versus the other two groups ([almost equal to] 100%) (i -igurc 4h) . There 
were no differences in repayment between Vegfb*'* and Vegfb*'- hearts. These findings 
indicate that the functional status of the coronary vasculature is impaired in Vegfb-'- mice. 



3 





Figure 4. Reactive hyperemic responses to 20-second coronary occlusion in 
Langendorff-perfused Vegfb*'*, Vegfb*'-, and Vegfb-*- hearts, a, Baseline and peak 
hyperemic flows, b, Flow-debt repayments over the initial 60 seconds of 
reperfusion. Values are mean±SEM. *P<0.05 vs Vegfb* 1 * hearts. 
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Responses to Ischemia-Reperfusiori in Vegfb +/ +, 
Hearts*! 



vegfb +/ -, and vegft? 1 



As noted, baseline functional parameters were comparable in hearts from Vegfb*'*, Vegfb*'-, 
and Vegfb~' r mice (see Table online, http://www.circresaha.org). Global normothermic 
ischemia completely abolished contractile function in all hearts within 2 to 3 minutes and 
caused a rapid rise in diastolic pressure. Time to onset of contracture and peak-developed 
contracture are indicators of the severity of ischemic injury. Although no difference was 
found in the rate of contracture development, peak contracture during ischemia was greater in 
Vegfb-'- compared with Vegfb* 1 * and Vegfb*'' hearts ( i ; igurc 5a) . Diastolic pressure was 
significantly elevated in Vegfb-'- hearts compared with Vegfb*'* and Vegfb* 1 - hearts during 
reperfusion and recovered minimally ([almost equal to]73 mm Hg) relative to the other two 
groups ([almost equal to]35 mm Hg) ( i ; ieurc 5a) . Recovery of contractile function was slightly 
depressed throughout reperfusion in Vegfb' 1 - hearts, with the rate-pressure product being 
significantly lower at 30 minutes compared with Vegfb* 1 * and Vegfb*'- hearts ( 1'igurc 5b) . 
Coronary flow responses did not differ between the three groups at any time point ( naurc 5c) . 




Figure 5. Functional responses of LangendortY-perfused Vegfb*'*, Vegfb*'-, and 
Vegfb- 1 - hearts to 20 minutes of global normothermic ischemia and 30 minutes 
of reperfusion. a, Responses for left ventricular diastolic pressure. Rate- 
pressure product (heart rate* left ventricular developed pressure) (b) and 
coronary flow (c) are shown. Values are mean±SEM. *P <0.05 vs Vegfb*'* 
hearts. 
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Discussion- 



In the present study, we have used promoter trap LacZ expression in the Vegfb +/ - mouse to 
correlate Vegf-B/[beta]-Gal expression to processes of vascularization in the heart, the major 
site of Vegf-B expression. The general developmental pattern of Vegf-B expression has 
previously been interpreted to reflect a paracrine action of Vegf-B on the developing 
vasculature, although no attempts were made to correlate expression patterns with 
developmental processes of vascularization in any individual organ. ^Although Vegfb 
transcripts are produced in the heart from E8.5, Vegf-B protein expression is not detected > 
until El 0.5. 16 We can first detect Vegf-B/[beta]-Gal at El 0.5 in the interventricular septum 
and propose that Vegf-B/[beta]-Gal (and therefore Vegf-B) production increases substantially 
at this time point, in spatial and temporal correlation with the commencement of coronary 
endothelial growth in the heart. 23 Indeed, Vegf-B/[beta]-Gal levels increase both throughout 
development and after birth, closely correlating with the progression of cardiac angiogenesis. 
Vegf-B/[beta]-Gal is conspicuous in the subepicardium where heart angiogenesis has been 
shown to commence. 24 It is more densely expressed in the ventricles than the atria and 
correlates with the degree of coronary angiogenesis that is more advanced in the ventricles 
than in the atria at fetal stages. After birth, Vegf-B/[beta]-Gal expression increases further in 
the LV, at a time when substantial capillary growth occurs predominantly in this chamber. 
2L22 The disparity between LV and RV capillary growth rates decreases several days after 
birth. 21 Accordingly , by P25, Vegf-B/[beta]-Gal expression becomes even throughout the 
heart with levels of expression similar in RV,,LV, and the atria. Despite the correlation 
between capillarization and Vegf-B/[beta]-Gal expression, such expression was not found in 
the smooth muscle cells of the differentiated coronary vessels. It is therefore likely that Vegf- 
B may exert its paracrine action on the microvasculature surrounding the expressing 
myocardium, rather than on the endothelium of the coronary vessels. 

We find that Vegfb- f ~ hearts appear morphologically and functionally normal in the 
unstressed animal but do not undergo the same extent of postnatal growth as those of Vegfb +/+ 
and Vegfb H - animals. Postnatal heart growth appears to be mainly due to the substantial 
increase in the coronary microvasculature and vessels. 11.22 This increase has been attributed 
to the action of Vegf-A 164 and Vegf-A 188 , n_because mice lacking these Vegf-A isoforms die 
as a consequence of severe heart ischemia due to an almost total absence of postnatal 
capillary and coronary vessel growth. Postnatal ablation of Vegf-A (and possibly Vegf-B) 
function by administering a soluble Flt-1 receptor (mFlt(l-3)-IgG) 2_Lis also lethal. In the 
heart, this treatment leads to cardiomyocyte necrosis and massive capillary and vessel density 
reduction. 25 Because Vegf-B is coexpressed with Vegf-A in the myocardium of the 
ventricles, 6 can form biologically active heterodimers with Vegf-A, and also binds Flt-1, 7_it 
is likely that the abnormal coronary angiogenesis described above is a result of interference 
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with the normal function of both Vegf-A and Vegf-B. We tested whether the observed Vegfb' 
} - reduction in heart weight was a consequence of impaired growth of the vascular network by 
measures of coronary capillary and vessel density. We found no significant differences 
between Vegfb- 1 - and Vegfb +H hearts, although additional studies measuring lumen size, 
patency, and permeability of capillaries and vessels in the heart will reveal whether any 
structural abnormalities in the vascular network of Vegfb- 1 - hearts may be responsible for 
reduced volume of this organ. Alternatively, the observed microcardia could be attributed to 
an effect of Vegf-B on cardiomyocyte growth. Vegf-B effect on heart muscle, could be 
mediated by the Vegf-B 157 (and Vegf-A 165 ) receptor, neuropilin- 1 , which is expressed in the 
developing cardiac muscle. However, this is unlikely, because cardiomyocytes do not appear 
affected in size or function in the Vegfb''' heart, and we cannot rule out a direct effect of 
Vegf-B ablation on myocytes. It is worth noting, nevertheless, that cardiomyocytes are 
normal in the Vegfa l20n20 mouse, where neuropilin- 1 ligand Vegf-A 1?5 has been ablated. ij_A 
slight decrease in left ventricular thickness in the Vegfb- 1 ' heart may indicate that some 
developmental hypoplasia, resulting from suboptimal vascularization, could be responsible 
for the observed microcardia. 

. Ablating expression reduced the ability to repay coronary flow after a transient 

coronary occlusion. This occurred despite baseline coronary flow in the Vegfb' 1 ' heart 
appearing normal, which was not unexpected given that moderate impairment of 
vascularization or vascular function that might result from deletion of the Vegfb gene could 
be compensated by enhanced intrinsic vasodilatation. Impairment of flow-debt repayment, 
despite similar peak flows, suggests inhibition of flow-mediated dilatation, which occurs 
subsequent to the immediate hyperemic response, indicating that the functional status of the 
coronary vasculature is impaired in some way in Vegfb 1 ' hearts. Reactive hyperemia is 
thought to be mediated by the combined actions of nitric oxide (NO) and adenosine, 26. with 
potential involvement of K AIP channels. 27 The prolongation of the hyperemic response is 
thought to be at least partially NO dependent. 28 Thus, one possible mechanism contributing 
to this change is an impaired NO production. However, deletion of the endothelial NO 
synthase gene fails to alter peak hyperemic flow, flow repayment, and adenosine responses in 
murine hearts. 29 

Heart rate was almost identical in hearts of all genotypes before and after ischemia, and no 
significant differences existed for heart rate between any groups at any time. Interestingly, 
deletion of Vegfb reduced functional recovery from ischemia-reperfusion and appeared to 
worsen contracture during ischemia. The mechanism of contracture is not well understood 
but may involve rigor-bond formation as a result of impaired glycolytic ATP formation. 30_ 
During reperfusion, diastolic dysfunction was significantly greater in knockout mice; the 
difference was wholly due to a change in contractile force and not rate. Recovery of the rate- 
pressure product was slightly reduced whereas coronary flow was similar in all three groups. 
Although a reduced reflow or perfusion could have explained the dysfunction, this was not 
supported by the measures of total myocardial perfusion. However, this does not exclude a 
more subtle change in flow distribution that is not reflected in the total flow response. The 
postischemic elevation in diastolic pressure is likely to reflect altered Ca 2+ handling in 
reperfused tissue, resulting in enhanced diastolic Ca 2+ levels. 3j_ Ca 2+ handling is energy 
dependent, particularly at the level of the sarcoplasmic reticulum. Knockout of the Vegfb 
gene could conceivably lead to impaired postischemic recovery of energy metabolism, owing 
to maldistribution of coronary flow, such that myocardial handling of Ca 2+ is impaired. 
Further experiments addressing patency, permeability, and responses to vasodilatory stimuli 
in the ventricular microvasculature of Vegfb-'- hearts will reveal whether this is indeed the 
case. The increased diastolic dysfunction during ischemia is largely independent of the 
coronary vasculature and may reflect a developmental effect of Vegfb deletion on heart 
growth or function, as suggested by the smaller hearts and reduced left ventricular thickness 
in Vegfb-'- mice. 

In tne present study, we have shown that, despite heart morphology and function, being 
normal in Vegfb-'' mice, the response to coronary occlusion and myocardial recovery from 
ischemia are compromised. Thus, although Vegf-B may play a redundant role in establishing 
the coronary vasculature, our results define a unique role in the development and 
maintenance of function in response to ischemic insult. 
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DESCRIPTION 

• Direct secretion of recombinant proteins into insect cell Supernatant 

• Simplifies purification and characteriz2tion of expressed proteins 

• Ease of purification further enhanced by serum-free medium 

• Choice of 2 different signal sequences 

• Fusion genes transcribed under strong polyhedrin promoter 

• Compatible with all AcSPV expression systems 

UNIQUE SECRETORY SIGNAL SEQUENCES 

pMbac and pPbac contain secretory signal sequences that direct the nascent polypep- 
tide chain toward the secretory pathway of the cell, thereby leadins to secretion 
into the cell supernatant. The sequences to be expressed are inserted 3' ro the 
signal sequences to generare a fusion gene that is transcribed under the stron" 
polyhedrin promoter. The signal sequence is cleaved off by signal-sequence pep- 
tidase as the nascent poPypeptide is channeled toward the secretory pathway of 
the host insect cell, leading to the secretion of mature recombinant protein Proper 
processing of signal peptidase at the expected cleavage site has been verified bv 
protein sequencing of secreted material. 

EASY PURIFICATION OF RECOMBINANT PROTEINS 

With no need for cell lysis, purification of the secreted recombinant proteins is 
extremely easy. The process starts with simple separation of the insect cells from 
the supernatant. Downstream processing of the protein is made even more efficient 
when thcpMbac and pPbac transfer vectors are used with Stratasene's Cell/Perfect™ 
Bac serum-free insect cell culture medium. 

PROTOCOL FOR USE WITH BACULOVIRUS EXPRESSION SYSTEMS 

The pMbac and pPbac baculovirus transfer vectors are compatible with systems 

based on the baculovirus species most commonly used for expression work 

Auiographjca caltfomka nuclear polyhidrosis vims McNPV). Once in the nucleus 

of infected cells the baculovirus expresses the protein polyhedrin late in the in- 

fcciious cycle under a very strong promoter. The polyhedrin gene is not essential 

for viral propagation in tissue culture, so it can be replaced by cDNA whose 

expression will then be driven by the strong polyhedrin promoter. 

To replace the polyhedrin gene in the baculovirus genome- 

1. Insert the cDNA fragment into the pMbac or pPbac transfer vector each of 

which contains recombination sequences. 

cpo °-S? nSfCCt . thC * acu J ovirus DNA and transfer vector into the insect cell line 
M-y. rne resulting double recombination event replaces the polyhedrin gene with 
the vector fragment containing the gene to be expressed. 

3. Identify recombinant virus based on the presence of the lacZ gene in the re- 
combination fragment. 

CONTENTS 

20 Mg of pMbac and/or pPbac transfer vector 
2.5 each of forward and reverse sequencing primers 
REFERENCES 

I. Lemhordi. w„ C ( q|. dW) Strategies 6; 20-21. 
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Map of Baculovirus Transfer Vectors 

To create the pMbae and pPbac vectors, the 
melinJn and human placental alkaline phosphatase 
secretory signal sequences were Introduced into 
the NhB I and Bern I sites, respectively, of. the 
transfer veetor pJVPiOZ. Therefore, genes to be 
expressed can be Introduced unldlrectlonally Into 
the $ma 1/BernH I sites of (he vectors 
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Prokaryotic Gene Fusion Vectors 


pGEX-UT 


♦ Induction: tac promoter inducible with 1-5 mM 1FTG. 

♦ Expression: Proccins are expressed as fusion proteins with the 26-kDa glutathione 

transferase (Ob J /. 1 he (jb 1 gene contains an ATG and nbosome-binomg sue, and is tinder 
control of the tac promoter. Translation rrrrmnarors are provided in all three reading frames. 
The resulting fusion protein may be purified on Glurathiohe Sepharose (17-0756-01) or on 
prepacked Glutathione Sepharose columns (17-0757-01). 

♦ Enzymatic cleavage 


tac 


X 


X 


X 


X 


X 


pGEX-2T 


For pGEX-IXT; The GST carrier protein may be separated from the fusion protein using 
the sire-specific protease thrombin. 


tac 


X 


X 


X 


X 


X 


For pGEX-2T: The GST carrier prorein may be separated from the fusion prorcin using 
the sire-specific protease thrornbin. 

For pG£X*3X: The GST carrier protein may be separated from the fusion protein ustn^ 
• the site-specific protease factor Xa. 
• Reading frame: 


pGEX-3X 


For pGEX-IXT; The reading frame at rhe EcoR 1 sire is GAA TTC ATC. This is compatible 
with the EcoR 1 site in X gtll. 


tec 


X 


X 


X 


X 


X 


For pGEX-2T: The reading frame ar rhe EcoR I site is GGA ATT CAT. 
For pCEX-3X: The reading frame ar the EcoR I sice is GGG AAT TCA. 

• Hosc(s): E. colL The plasrnid provides lac I q repressor. 

• Selectable marker^): Plasrnid confers resistance to 50 \\$fm\ ampicillin. 

• Amplification: Recommended. 


pRIT2T 


• Induction: The lambda P R promoter is induced by shifting the growth remperarure from 
30 6 C to 42°C for 90 minutes. 

• Expression: Proreins are expressed as fusion proteins with Staphylococcal prorcin A, The 
lambda cro gene supplies an ATG. No signal sequence is provided; therefore rhe protein 
remains intracellular- Transcription and Translation rerminarion signals are provided. Fusion 
prorein may be purified on IgG Sepharose f 1 7-0969-01 ). The size of the protein A carrier 
protein is about 24 kDa. 

• Host(s): N4830-1/NC99I*. N4g30-1 must be used for expression, as it contains the 
remperature-sensitive c/857 repressor. 

• Selectable markerfs); Plasrnid confers resistance to 100 ng/ml ampicillin. 
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pEZZ 18 


• Expression: Expression is controlled by both the lacUVS and protein A promoters and is not 
inducible. Proreins are expressed as fusions with the synthetic ZZ peptide which is based on 
an IgG binding domain of protein A. The protein A signal sequence is provided so expression 
in £. coli leads to secretion of fusion proteins into the culture medium. Elements of the 
protein A gene provide both rhe ATG and ribosome-binding sire. Stop codons must be 
provided by the insert. Fusion protein may be purified on IgG Sepharose (17-0969-01). 

The size of the ZZ carrier is about 14 kDa. 

• Sequencing: M 13 Universal Sequencing Primer and Ml 3 -40 Sequencing Primer can be 
used for both double-stranded and single-stranded sequencing. A protocol for production 
of single-stranded DNA is provided with rhe vector. 

• Cloning: Inserts containing a stop codon will yield white colonies when grown on media 
containing X-gal. 

• Host(s): £. coli. 

• Selectable inarkcrfs}: Plasrnid confers resistance to 70 tcg/mi ampicillin. 

• Amplification: Recommended. 


spa/ 
UV5 
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pMC1871 


► Expression: The lac gene is promoterless and missing the first eight non-essential amino acids. 
Inserts cloned into the Sma I site give fusion proteins with fJ-gai. Inscrr must contain a 
promoter, ATG, and ribosomc- binding site. 

* Hosi(s): £. coli strains carrying a lac deletion. 

• Selectable rnaxker(s): Piasmid confers resistance to 1 5 ug/ml tetracycline. 
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Note: For high-level transformation of host cells (E. coli), we recommend the "Hanahan" protocol [Hanahan, D.J. Mot. Biol. 166, 557 (1983)], 
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A novel vascular endothelial growth factor, 
VEGF-C, is a ligand for the Flt4 (VEGFR-3) and 
KDR (VEGFR-2) receptor tyrosine kinases 

Vladimir Joukov, Katri Pajusola, Arja Kaipainen, 

Dmitri Chiiov, Isto Lahtinen, Eola Kukk, 

Olli Saksela, Nisse Kalkkinen and Kari Alitaio 

The EMBO Journal 15. 290-298, 1996 

Our recent results on the nascent VEGF-C polypeptide 
immunoprecipitated from metabolically labelled cells sug- 
> gest that the intracellular precursor protein is larger than 
the secreted protein, for which we predicted the open 
reading frame given in our paper in EMBO 7., 15 (2). 
290-298 (1996). This would suggest that an upstream 
ATG codon at position 352 in the same reading frame of 
the VEGF-C cDNA sequence (accession number X94216) 
is used for initiation of translation, resulting in an addi- 
tional N-terminal 'prepro-VEGF-C peptide: MHLLGFFS- 
VACSLL A A ALLPGPRE APA A AA AFES GLDLS D A EP- 
DAGEATAYASKDLEEQLRSVSSVDEL. This sequence 
is identical to the N-terminus of the peptide sequence of 
Lee et al. (U43142)-, submitted to the database on 
December 12, 1995. The numbering of amino acid residues 
of VEGF-C presented in Figure 3B would then be 70- 
419 and in Figure 3C 275-365 (starting from the first 
methionine residue of the * prepro- VEGF-C ) . The 
sequence underlined in Figure 3B thus represents the C- 
terminal part of the 'prepro- VEGF-C * peptide rather than 
the signal peptide. However, the alignment of the homo- 
logous sequences in Figure 3B and C remains unchanged. 
The predicted molecular mass of the entire VEGF-C 
precursor is 46 883 and the length is 419 amino acid 
residues. Our EMBL, GenBank and DDBJ entry X94216 
includes these features. 

The sentence on the title page 290: 'B.Olofsson and 
K.Pajusola contributed equally to this work, as did 
K.Alitalo and U.Eriksson' was erroneously copied by 
Oxford University Press from the given title page of the 
reference: 01ofsson,B. et al. (1996) Proc. Natl Acad. Set. 
USA, in press. 
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Nucleotide sequence and expression of a novel human receptor-type 
tyrosine kinase gene (fit) closely related to the fms family 

;vlasabumi Shibuya, Sachiko Yamaguchi, Akira Yamane, Toshio Ikeda, Arinobu Tojo, Hitoshi 
Matsushime & Misako Sato 

pef nment of Genetics, Institute of Medical Science, University of Tokyo, Minato-ku, Tokyo 108, Japan- 



^ new human gene encoding a receptor-type tyrosine 
kinase was isolated by a weak cross-hybridization with 
s -ros oncogene. A cDNA of about 7.7 kb carried a4.2Ub 
open reading frame, and the predicted amino acid 
sequence of 1338 residues contained extracellular,! trans- 
membrane and tyrosine kinase domains. Although its 
extracellular domain is approximately 220 amino acids 
lot ier than those of the products of the fms family, i.e. 
c-y./tj, c-kit and platelet-derived growth factor receptor 
genes, the overall structure including cysteine motifs in its 
extracellular domain and a long peptide insertion in its 
tyrosine kinase domain indicates that this new gene is 
closely related to the fms family. Consequently, the gene 
was designated as fit {fms-fikt Tyrosine kinase) gerie. The 
expression of the fit gene was strongly suppressed in most 
of the tumor cell lines examined so far, whereas this 
rrRNA was expressed in a variety of normal tissues of 
af.-ult rat. 



Introduction 

Most of the tyrosine kinase genes carry potentiahtrans- 
forming activities, and appear to have important roles 
in the signal transduction pathways for cell growth and 
cUfTerentiation in normal conditions (Bishop, 1985). Up 
to now, more than 30 genes of tyrosine kinase have 
been rnolecularly cloned. However, the large number of 
peptide hormones and factors reported in animal tissues 
suggest that many important receptor genes still remain 
to be isolated from a variety of tissues in higher 
organisms. 

Tyrosine kinase genes can be divided into two major 
groups: one a group of non-receptor-type genes such as 
.src of Rous sarcoma virus and the other a group of 
•eceptor-type genes. Similar to the case of non-receptor- 
type tyrosine kinase genes, receptor-type tyrosine -kinase 
genes contain several gene families with resppct to 
nucleotide and amino acid homology: (1) EGF receptor 
gene (c-erbB)/c-erbB2{neu) genes, (2) insulin-receptor/ 
insulin-like growth factor I receptor genes, and (3) the 
c-fms gene families; The c-fms family includes three bio- 
logically unique genes, colony stimulating factor- 1. 
(CSF-1) receptor gene {c-fms) (Hampe et at., 1984; Sherr 
et ai, 1985), platelet-derived growth factor (PDGF) 
receptor gene (Yarden et al, 1986; Matsui et all 1989) 
and c-kit gene which is the cellular counterpart of \~kit 
gene obtained from HZ4 feline sarcoma virus (Besmer 
et al\ 1986; Yarden et a/., 1987; Qiu et ai, 1988). The 
characteristics of this family are a long peptide insertion 
in -the middle of the tyrosine kinase domain and a 
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unique distribution of cysteine residues in the extra- 
cellular domain. Furthermore, the ligands identified for 
this family, CSF-1 and PDGF, consist of a dimer struc- 
ture with subunits of approximately 20 000 daltons con-, 
nected with disulfide bonds (Waterfield et al, 1983; 
Johnsson et a/., 1984; Stanley & Heard, 1977; Das & 
Stanley, 1982). Although the ligand and the physiologi- 
cal functions of the c-kit gene are not yet clear, recent 
studies revealed that this genets tightly linked .;to the 
murine White (W) locus which has pleiotropic effects on 
embryonic development and hematopoiesis (Chabot et 
al., 1988; Geissler et al, 1988). ■ 

Recently we . have rnolecularly cloned a human 
genomic DNA fragment bearing an exon for a portion 
or a new tyrosine kinase gene,' probed with v-ros 
sequence under a hybridization condition of low strin- 
gency (Matsushime et al., 1987).' An in situ hybridization 
analysts revealed that this nsw ; gene (fit) is located on 
human chromosome 13ql2-13 where no protein! kinase 
gene has so far been assigned (Satoh et ai> 1987)i As an 
initial step to elucidate the physiological significance of 
fit gene in normal tissues and its potential transforming 
activity, we isolated y?r cDNA clones and determined its 
primary structure. Here we report the entire coding 
sequence and the predicted protein structure of; the Jit 
gene, which is found to be a hew member of the fms 
family. ■ - ' 

Results and discussion 

Isolation and nucleotide sequencing of fit cDNAs 

We previously obtained from a; human genomic library 
a DNA fragment (fit) which contains an exon 123 base 
pairs (bp) long (Matsushime et al, 1987). Using this 
DNA as a probe, expression of the fit gene was surveyed 
in several human cell lines and placenta tissue by 
Northern blot analysis (Figure; la). We could detect a 
faint band v of approximately 8.0:kb both in placenta and 
in a ceil line 293. -j 

To isolate the. relevant cDNA molecule, we con- 
structed a human placenta . cDNA library which con- 
tains relatively long cDNA molecules (see Materials and 
methods). Among 7 fit cDNA clones obtaineel, two 
overlapping clones, #3-7 (5;6kb) for the 5'-half; region 
and #3-5 (4.5 kb) for the 3'-hajf region were sequenced 
by the dideoxynucleotide method (Sanger et al, 1977). 

The predicted structure of the fitigene product 

The entire cDN A sequence of 7680 bp is shown in 
Figure 2. A- long open reading frame 'starts at the 
nucleotide residue 1 and continues for about 4.2 kb. The 
first ATG codon exists at the ;nucleotide residue 250- 
252. Although no termination codons are present 
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Figure I Northern blot analysis of the human Jft gene. Poly (A)" 
RNA was prepared from various tissues and cell lines (see 
Materials and methods), and 2 /ig of these RNAs were separated 
on a gel, transferred to a nitrocellulose filter and hybridized with 
EcoRI-BamHI 0.8 kb fragment of human genomic fit DNA 
(Matsushime et aL, 1987) .(upper panel in a) or with #3-7 fix 
cDNA (lower panel in a, and b) as a probe. RNA samples in (a): 
lane 1, KB cell; lane 2, 293 ceil (a cell line derived from human 
embryo kidney); lane 3, Daudi (B-lymphoma); lane 4, Namalwa 
(B-lymphoma); lane 5, Kato-in (human gastric adenocarcinoma 
cell line); lane 6, Ito-II (human testicular tumor cell. line); lane 7, 
Molt-4 (T-lymphoma); lane 8, B16. (mouse melanoma cell; line); 
iane 9, human, placenta. RNA sampies in (b): lane 1, human pla- 
centa (low amount of RNA, 0.2 jig); lane 2, human placenta; lane 
3, human liver; lane 4, human muscle; lane 5. human kidney; lane 
6, 293 ecl! line; lane 7, 293EI celt line; lane 8, BeWo (human cho- 
riocarcinoma cell line) 



region of several other receptor-type tyrosine kin 
genes, i.e. EGF receptor and insulin receptor gen, 
(Ullrich et a/., 1984; Ebina et a/., 1985; Ullrich et Q 
1985), (2) a short stretch including the 250-252 AT( 
codon, TCACCATGG, is well matched with Kozak 1 
criteria CC(A/G)CCATGG for the initiation codon b 
mammalian species. (Kozak, 1984); (3) this ATG is f 0 |« 
lowed by 21 codons which are mostly for hydrophobic 
amino acids, and therefore the. features of this region ar? 
consistent with ,these of a signal peptide of membra^ 1 
proteins; (4) the position of this ATG codon is identical" 
to the position of the initiation codons in the fins gene 
family when the cysteine residues in the fit extracellular 
domain are aligned to those of the fins gene product*!! 
Calculating from this ATG codon as the ami-no acid"P 
residue 1, the predicted fit gene product consists' of 1338^ 
amino acid residues and the molecular weight wa/i 
expected to be 150 565 daltons,; 



Possible domain structure of the, fit gene product 

The fit product can be subdivided into three regions: 
758-amino-acid extracellular domain; a 22-amino-acidf 
transmembrane domain which; is followed by a : clusterll 
of basic amino acids (Arg-Lys-Met-Lys-Arg); : a 558-1J 
amino-acid cytoplasmic region containing a tyrosine 5 *; 
■ kinase domain. This kinase domain has a Gly-x-Gly-x- ; f 
x-Gly stretch at the residues .834-839, a conserved lysine 5 ]: 
at the ATP- binding site (residue 861) and a tyrosine^ 
residue (# 1053) as the putative autophosphorylationtj 
site which corresponds to tyrosine- #41 6 in the ire gene t- 
product. One of the most remarkable features of the fit %' 
tyrosine kinase domain is a very long peptide (66 amino ' 
acids) insertion at the middle of the kinase domain. The V 
position and the length of thisiinsert are essentially the 
same as those in the fins gene family (Figure 3). further- \ 
more, a striking similarity between fit gene product and '■ 
the z-fms gene family was alsoidetected in the distribu- f 
tion of . cysteine residues within . the extracellular 
domain, as shown in Figures 3 land 4. Thus, the j?r gene £ 
appears to belong to the fms \ family, and also i to the \ 
'Immunoglobulin superfamily* j in which cysteine resi- J 
dues form intramolecular disulfide bonds for appropri- f 
ate folding of ligand. binding domain (Williams, 1989). 1; 

However, a clear structural .aofference exists between | 
the fit gene product and the fins family: the length of the } 
extracellular domain in the Jit gene product is about 220 X 
amino acids longer than those in the/ms, kit and :PDGF f 
receptor gene' products. Although there are. several pos- 1- 
sible explanations for the origin- of thisTfr-specifW region *h 
(Stretch b in Figure 4), a partial gene duplication in thej^ 
extracellular domain seems most likely, because k-weak g' 
but significant amino acid homology was observed^ 
between thej?t-specific sequence (residues 550-745) and 
the 230-arnino-acid region just upstream of the: trans- j| 
membrane. domain in the /ms. family (Figure 4). Recently £ 
we have confirmed the presence- of this jft-specific! region % 
in murine Jit cDNA (Yamane & Shihuya, unpublished 1 
results). " 



upstream from this ATG codon, we consider that this 
ATG is the initiation codon of Jit gene product fo r t v 
following reasons: (1) the nucleotide residue 1 to 24* are 
extremely GC-rich (approximately 80%) and this char- 
acteristic is similar to that of the upstream noncoding 



Homology between fit and other tyrosine kinase genes 

Since the./?: gene was originally isolated on the basis of] 
a weak nucleotide homology! with v-ros; DNA, the' 
overall homologies of the fit tyrosine kinase domain i 
except for the insert region at the amino acid level were ! 
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Figure 2 Nucleotide sequence'and predicted amino acid sequence, of the Jit cDNA. (a) Representative cDNA clones, restriction sites 
and the open reading frame arc indicated, (b) Nucleotide and amino acid sequences in the ^f.gcne. The number of amino acid 
residues is started from the putative initiation codon at nucleotide residue 250-252. A heavy underline at the amiho terminal region 
indicates a possible signal peptide. Another heavy underline in the middle of the sequence shows putative. transmembrane domain. 
Cysteine- residues within the extracellular domain (1-19) arc encircled.' Potential N-giycosylation sites in. the same domain arc shown 
by broken lines. Small open circles indicate giysine residues at G-X-G-X-X-G region in the- tyrosine kinase domain, and closed circle 
represents putative ATP binding site. Thin underline in the middle of the cytoplasmic domain indicates the long, insert within the 
kinase domain, and the open square shows the tyrosine residue for a possible autophosphorylation. B, Bglll; H, Hindlll; N, Ncol; S, 
Smal 



compared among various other protein kinase genes. As 
siown in table 1, the homology was higher with the. 
fins family (54-60%), whereas those with other receptor- 
type (including c-ros gene) or non-receptor-type tyrosine 
kinase genes were lower (35-38%). Thus the : homology 
score further supports the hypothesis that the^r gene is 
closely related to the fms family (Figure 5). 

Although the amino acid homology in the tyrosine 
kinase domain is remarkable between the Jit and fms 
families, the long peptide insert in the middle of the Jit 



tyrosine kinase domain has little or no significant 
homology with the insert of any member of the fms 
family. Thus, this region might have a role in specific 
function(s) of each gene product of! the c-fms/flt family. 
Recently, Escobedo & Williams (1988) have reported 
that a mutant of PDGF receptor carrying, a deletion 
within the insert region in the' kinase domain cannot 
stimulate mitogenic response in spite of exhibiting tyro- 
sine kinase activity and other biological 'functions in 
response to PDGF. 
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Figure 3 Comparison of the amino acid sequences between fit ■ 
gene and other members of /his family, (/mj, kit, and PDGF 
receptor). The amino acid sequences were* aligned and gaps (empty 
space) were introduced for optimal homology. Amino acids in the 
Jms faxmly identical to those in the /It gene product are ; indicated 
by a. dash. The sequence of PDGF receptor is that reported by 
Yarden et ai (1986). (a) Similarity of the extracellular domain. The . 
rejpons from signal peptides (SP) to the middle of transmembrane 
domains are indicated. All cysteine residues are circled or boxed. 
Ajmino^ acid residues #550 to #745 arc ^-specific, (b) Similarity 
of the intracellular domain. The regions from the middle of trans- 
membrane domain (TM) to the carboxyl cnds are indicated. Three 
conserved glysine residues, the lysine for the potential ATP 
binding site and the potential tyrosine autophosphorylation site 
are. indicated by open circles, by a closed circle and by a open 
square, respectively. The region of tyrosine kinase domain is 
shown by arrows 

. Expression of the fit gene in cell lines and normaitissues 

In order to study the physiological significance of the fit 
gene, its expression was examined tv Northern blot 
analysis using molecularly cloned fit cDNA. PoIy(A)^ 
obtained from a variety of normal tissues and 
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Figure 4 A possible partial gene duplication of extracellular' 
domain m the fit sequence. About' 280 amino acid residues' 
upstream from the transmembrane domain {shadowed: box) in the 
fit and the/mj genes are compared. Highly conserved! regions are 
boxed and all cysteine residues are circled. Sequences in (a) and in 
(b) are considered to be partially duplicated in the fit genome 

cell lines were hybridized with #3-7 5.6 kb human 
cDNA. As shown in Figure;ib, a higher expression was 
detected in human placenta^ tissue, and .weakly hybrid- 
ized bands were observed in human embryo kidney- 
derived cell lines, 293 ! and 293E1, ! and a 
choriocarcinoma cell line, BeWo (Graham et ' a/., 1977; 
Chinnadurai et o7, 1978; Pattillo et al, 1968). In addi- 
tion, faint bands were also detected in liver, muscle and 
kidney of human. 

To examine further the tissue-specific expression of 
thej7r gene in animals, we m : olecularly cloned: the entire 

Table 1 Amino acid homology in; tyrosine kinase domain between 
fit gs"e and other genes of sre family 



Gene 



Amino-half* 

% 



Insert* 

% 



v-fms 

PDGF-Ratt 

PDGF-R/?* 

v-fet'r 

v-erbB 

v-ros 



Carboxy\-half\ . 

\ % } 



V-5TC 

v-fps . 



57 
59 
57 
62 
26 
32 
30 
32 



5 
13 
13 
11 



53 
58 
53 
58 
42 
43 
38 
41 



"fit residue #8I3-#929 ■ 
" #930-#994 
t #995-5* 1 152 

tt PDGF-Rrr: Matsui et al. t 1989 
: PDGF-R^?: Yarden «'a/., 1986 
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Figure 5 Schematic comparison of the Jit gene product with 
those of other representative tyrosine kinase genes 

coding region of Jit cDNA of rat, and both human and 
rat Jit cDNAs were used as probes. The nucleotide 
sequence of rat Jit cDNA will be described elsewhere 
(Yimane & Shibuya, unpublished). In adult tissues of 
ra:, Jit mRNA was detected in many tissues such as 
lung, placenta, liver, kidney, heart and brain : the 
highest expression was observed in the lung (Figure 6, 
Table 2). 

In contrast to these findings, the fit mRNA was" not 
" detectable or extremely low, if any, in most of the 20 
human tumor cell lines examined. These malignant cell 
lines include epithelial and adenomatous carcinomas, T- 
and B-lymphomas, and leukemias of erythroid, granuio- 
c; tic and monocytic lineages (Figure 1, Table 2). These 
results might suggest that the Jit gene is not directly 
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Figure 6 Expression of Jit gene in various normal tissues of rat. 
About 2 of poly (A)* RNA was separated on an agarose -gel. 
transferred to a nitrocellulose filter and hybridized with 0.9 kb rat 
Jit cDNA corresponding to tyrosine kinase domain (upper panel) 
or chicken beta actin cDNA (lower pane!) as probes. Lane 1, liver; 
lane 2, kidney; lane 3, thymus; lane 4, testis; lane 5, placenta; lane 
6, brain; lane 7, heart; lane 8. lung 



Table 2 


Expression 


of fit gene in normal tissues and cell 1 


mcs 


.V ormaf tissues 


Cell line 




Human 




Human 




placenta 




BeWo (choriocarcinoma) 


+ 


muscle 




T3M3 (choriocarcinoma) 


_ 


liver 


•f 


293 (embryo kidney) 




kidney 


+ . 


293 El (embryo kidney) 


-A. 


Rat 




Daudi (B-lymphoma) 


_ 


^JAvw it In 




Namalwa (B-lymphoma) 


— 


lung 




Raji (B-lymphoma) 


_ 






Molt-4 (T-lymphoma) 


— 


brain 


+ 


HL60 (promyelocyte leukemia) 


_ 


testis 




IC562 (chronic myelogenous 




thymus 




. leukemia); 


+ /- 


kidney 




Hcla (cervical cancer) 




liver 


+ 


At ji t^cpi viicjoiu cancer j 








FCato-IIl (gastric career) 








GK-T3 (small cell lung ca.) 








Ito-II (testicular tumor) 








FL (amnion tissue) 








A549 








143B 








Mouse 






B16 melanoma 





involved in the process of.cell proliferation, but in differ- 
entiation or maintenance of normal tissues in physio- 
logical conditions. 

Subgenomic fragments of the fit mRNA 

A genomic Jit DNA- corresponding to the middle 
portion of the kinase domain detected only 7.5-8.0 kb 
species of mRNA (Figure la), whereas, #3-7 cDNA 
probe, which bear the entire coding region of jit gene, 
detected other species of. mRNA (2.2 and 3.0 kb) as well 
as 7.5-8.0 kb mRNA (Figure 1). As an explanation for 
these small-sized raRNAs, , cross;-hybridization of this 
cDNA probe with other tyrosine kinase genes seems 
unlikely, becuase most of the cells expressing 7.5-8.0 kb 
Jit mRNA also showed 2.2 and! 3.0 kb mRNAs when 
hybridized with #3-7 cDNA priobe. Our preliminary 
results (Ikeda & Shibuya, unpublished results) indicate 
that these short mRNAs appear to be due to premature 
termination of the transcripts within the extracellular 
domain of the Jit gene. Since, these small Jit mRNAs 
could encode for ' about aminojterminal half of; the 
extracellular domain of this gene product, these mol- 
ecules might have a 'regulatory j role in "physiological 
condition, through binding and absorbing the; yet 
unidentified Jit ligand. 

Is the fit gene involved in carcinogenesis of animals? : 

A relationship between the Jit gene and tumorigenicity 
in higher organisms was examined , by Southern -blot 
analysis. Approximately 100 human tumor cells (about 
30 gastric cancers, 25 brain tumors, 10 colon cancers 
and other types) did not carry gene amplification or 
rearranged fragments -of Jit DNAj at a detectable level 
(data not shown). Thus, we have no direct evidence to 
support the involvement of jit. gene in carcinogenesis of 
animals. However, Walker et al\ (1987) have recently 
reported overexpression of an 8.5;kb mRNA in experi- 
mental rat tracheal carcinoma which was detected by 
cross-hybridization with v-fm$ probe. It would be inter- 
esting to clarify whether this 8.5 kb /ms-like gene inxats 
is a cognate cellular gene of the human fit. 
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Materials and methods 

Construction of the cDNA library 

Poiy {A)" RNA was prepared from fresh tissue of normal 
human placenta and used for making a cDNA library. The 
library was constructed by the method described by LaPolla 
et ai (1934). Briefly, 5 fig of poly (A)' RNA was. used for syn- 
thesis of the first strand cDNA with AM V reverse tran- 
scriptase and oligo(dT) primer. The second strand was then 
synthesized with E. coli DNA polymerase I and RNAase H 
for RNA primers. The cDNAs were treated with T4 DNA 
polymerase to make the ends flush, and the internal EcoRI 
sites. were methylated. Both ends of cDNAs were ligated with 
EcoRI linkers and digested with EcoRI restriction endo- 
nuclease. Since the size of fit mRNA detected' in Northern 
analysis was 7.5-8.0 kb, cDNAs were size-fractionated on a 
Bio-Rad A5m Sepharose column, and the fraction containing 
larger cDNA molecules were collected and ligated to AgtlO or 
Agtll arms. The DNAs were packaged into phage particles 
with a Gigapack plus kit and approximately 5 10 3 indepen- 
dent phase clones were obtained. The size of inserts in these 
clones was about 2kb on average. This cDNA library was 
screened with fit genomic DNA probe using a method 
described by Benton & Davis (1977). 

DNA sequencing 

Two overlapping cDNA clones, #3-7 and ' #3-5 were 
sequenced by the dideoxynucleotide' method (Sanger et al, 
1977). To sequence both strands, these fit cDNAs were sub- 
cloned in pUC plasmid vectors in both orientations and 
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various deletions from the 5'- or 3'-end were introduced ' '« 
the cDNA molecules by using a DNA deletion kit (Ta^ 
Shuzo, Kyoto). For DNA sequencing these deleting 
containing plasmid DNAs were prepared and denatured trM 
single-stranded form by an alkali method. The coding regions' 
of xht fit DNA were sequenced at least three times, includi^ 
both directions. "fcj 



Northern blotting analysis 

Total cellular RNA was prepared from' various cell lines aJF 
tissues by a guanidine/cesium chloride centrifugauon method" 
(Chirgwin et al, 1979). Poly (A)" RNA was obtained usiS* 
ohgo(dT) column chromatography and separated on ^* 
formaldehyde-containing agarose gel (Lehrach. et al n 197*1 
RNA was transferred to a nitrocellulose filter, baked for 
ation and hybridized wtth;y?r genomic or complementary' 
DNA sequences. Hybridization condition was 3 x SSr>' 
(1 x SSC: 0.15 m NaCl, 0.015 m Na citrate), 50% : formamidc # 
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Angiogenesis in vivo is distinguished by four stages: subsequent to the 
transduction of signals to differentiate, stage 1 is defined as an altered proteolytic 
balance of the cell allowing it to digest through the surrounding matrix. These 
committed cells then proliferate (stage 2), and migrate (stage 3) to form aligned 
cords of cells. The final stage is the development of vessel patency (stage 4), 
generated by a coalescing of intracellular vacuoles. Subsequently, these structures 
anastamose and the initial flow of blood through the new vessel completes the 
process. We present and discuss how the available models most closely represent 
phases of in vivo angiogenesis. The enhancement of angiogenesis by hyaluronic 
acid fragments, transforming growth factor 0. tumor necrosis factor a, angiogenin, 
okadaic acid, fibroblast growth factor, interfeukin 8, vascular endothelial growth 
factor, haptoglobin, and gangliosides, and the inhibition of the process by 
hyaluronic acid, estrogen metabolites, genestein, heparin, cyclosporin A, placental 
RNase inhibitor, steroids, collagen synthesis inhibitors, thrombospondin, fumagellin, 
and protamine are also discussed. 

KEY WORDS: Angiogenesis, Cell proliferation, Cell migration, Proteolytic balance, 
.Collagen synthesis inhibitors. 



I. Introduction 



Endothelial cells are derived from pluripotent mesodermal precursors 
during the process of vasculogenesis, which occurs in the extraembryonic 
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mesoderm of the yolk sac in both avian and mammalian embrvos. and in 
selected organ systems (Risau and Lemmon. 1988: Pardanaud et al. . 1989). 
Angiogenesis is the development of the complex network of blood vessels 
that occurs following vasculogenesis, when endothelial cells proliferate 
and migrate throughout the embryo. The process of angiogenesis is im- 
portant not only during embryological development, but during a variety 
of normal and pathological conditions in the adult, including ovulation, 
implantation, during mammary gland changes associated with lactation, 
bone formation, inflammation wound repair ( Jakob etaL, 1977; Gospodar- 
owicz and Thakral. 1978: Nomura et aL. 1989: Brannstrom et aL. 1988: 
Knighton et aL. 1990). and tumor growth < Folkman. 1985* Furcht 
1986). 

Light and electron microscopy studies, combined with in situ hybridiza- 
tion, ot both the normal genesis of vessels during embryological develop- 
ment and during tumor angiogenesis have demonstrated a number of dis- 
crete events that occur during antiogenesis (Schoefl. 1963: Yamagami. 
i 970). Following a stimulus for neovascularization endothelial cells change 
their morphology and begin to degrade their surrounding basement mem- 
brane (Ausprunk and Folkman. 1977; Moscatelli et' aL, 1980: Gross et 
al.. 1983). These ^leading" cells must modulate the expression of their 
proteases to allow degradation, of existing extracellular matrix (ECM) 
components, and the migrating cells following this front must be supported 
by the appropriate ECM to allow for their proliferation, migration, and 
differentiation into vascular tubes. This initial migration and proliferation 
is in a fibronectin-rich ECM, and during the later stages of angiogenesis, 
when cords of endothelial cells align, the cells express laminin. a matrix 
component associated with vascular maturation (Risau and Lemmon. 
1988). Finally, the generation of vessel patency is achieved by the coalesc- 
ing of intra- and intercellular vacuoles (Sabin. 1920: Lewis 1 9^5- Clark 
and Clark, 1937). 

The dependence of tumor growth on angiogenesis is well documented 
(Folkman. 1990). This relationship has been demonstrated for many types 
of tumor, invasive breast cancer (Weidner etal., 199 1), non-small cell 
lung cancer (Macchiarini et aL, 1992), and prostate carcinoma (Weidner 
et aL, 1993). Studies using the pancreatic 0 cells of animals transgenic 
for a hybrid oncogene (RIPl-Tag2) (Brinster et aL, 1993) would indicate 
that angiogenesis is an important step in carcinogenesis in this system - 
(Folkman et aL, 1989a). 

To investigate factors that influence angiogenesis and to gain a more 
fundamental understanding of the cellular processes involved in the gener- 
ation of capillaries, it has been necessary to develop a number of models 
of angiogenesis. 
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A. Chicken Chorioallantoic Membrane Assay 

The chicken chorioallantoic membrane assay is a technique traditionally 
used by embryologists that involves analysis of the developmental po- 
tential of grafts transplanted onto the chorioallantoic membrane (CAM). 
Because the early chicken embryo lacks a complete immune system xe- 
nografts from mammalian species become established and grow. 
Vascularization of these grafts is rapid. 

Sorgente and colleagues (1975) first described the inhibitory effects of 
cartilage grafts on vascular development using this model. Subsequently. 
Foikman and co-workers (1979) used the model to study tumor angiogen- 
esis directly. Fertile eggs were incubated for 72 hr and prepared for grafting 
by removal of enough albumin to facilitate the placement of a graft without 
causing subsequent cramping and sticking to the shell membrane. A rectan- 
gular window was cut in the shell to place and access the graft or test 
substance on the CAM. Angiogenesis was scored 3-4 days after grafting. 
Angiogenesis was considered to have been induced if a spoke-wheel 
arrangement of vessels was generated, directed toward the graft. Sub- 
stances were lyophilized onto coverslips, then applied to the CAM to 
examine the effects on angiogenesis (Foikman et a/., 1979). . 

Quantitation of angiogenesis using the CAM assay was initially done 
on a graded score of 0—4, by observation. Computer analysis was subse- 
quently applied to score the total number of vessels and obtain a directional 
vector value ( Voss et at., 1984; Jakob and Voss. 1984). The use of labeled 
sulfate to follow the angiogenic process has also made quantitation more 
accurate (Spisni et aL, 1992). Apart from problems associated with quanti- 
tation, the most common problem is the result of false positives due to 
wounding or irritants generated during the initial setting up of the assay. 
Because an angiogenic response may.be consequent to wound healing or 
inflammation (Mahaderan et al., 1989), this problem is not surprising. The 
CAM assay is sensitive to modification by many factors, including gas 
content and pH. The most pronounced variation observed is of keratiniza- 
tion, which in turn has significant effects on the CAM response to stimula- 
tion (Ausprunk et al.< 1991). This method has been applied to a wide range 
of both inhibitors and inducers of angiogenesis, as discussed in subsequent 
sections of this article (Foikman and Klagsbrun, 1987). 

A further development of this model has been the in vitro method of 
maintaining the chick embryo in culture (Auerbach et al. f 1974). Although 
this is an in vitro assay, it is closest to a whole animal assay because the 
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entire embryo and its membranes remain intact. In this assay, the eizu 
content is transferred to a petri dish, where development continues To 
take place. This model has the advantage that multiple grafts can be 
placed on one embryo, and the effects can be photographed over .time. 
Quantitation is simplified by the fact that the in vitro CAM presents a 
two-dimensional monolayer, not subject to. the distortion, of the in ova 
CAM assay. The advantage is that multiple grafts may then be placed on 
the one embryo, and they can more easily be photographed over time. A 
further modification of the./'/? vitro CAM assay, in which the embryo is 
supported on Gladwrap stretched across the mouth of a beaker (Dunn et 
aL. 1981), has improved embryo survival. The advantages of increased 
viability are offset by the difficulty in photographing the results. This 
model is technically easier that the in ovo assay and is better suited to 
large-scale experiments. The addition of sterile silicon rings on the yolk 
sac membrane creates discrete observation windows and assists in quanti- 
tation (Takigawa et ai. . 1990). 



B. Corneal Neovascularization Model 

As the cornea is normally avascular, induction of an angiogenic reaction 
is a true demonstration of neovascularization (Hendkin. 1978). The earliest 
studies -of corneal neovascularization were in the rabbit (Gimbrone et aL, 
1974), in which insertion of tumor cells or extracts placed within 2 mm 
of the cornea-scleral junction generated vascular sprouts within 36 hr. 
However, because of the absence of genetically similar strains, expense, 
and difficulty in handling, other species have been used for angiogenesis 
studies in the cornea, including guinea pigs, rats, and mice (Fournier et 
aL, 1981; Muthukkaruppan and Auerbach, 1979; Muthukkaruppan et aL, 
1982). Although the use of mice overcame the strain variation problem 
their small size makes the introduction of slow-release polymer into the 
eye a procedure requiring microsurgical skill. Quantitation of corneal 
neovascularization is difficult owing to the variability arising from an 
inability to achieve uniform placement of the test substance. Conse- 
quently, reagents under test have been incorporated into ethylene-vinyl 
acetate pellets (Elvax) prior to implantation into the cornea (Gimbrone et 
aL, 1974; Risau, 1986). The implantation of tumor cells also requires the 
incorporation of those cells into an inert medium that allows for accurate 
placement (Ausprunk and Folkman, 1977). The expression of corneal- 
derived cytokines such as interleukin 8 (IL-8), which has been shown to 
be angiogenic, may also lead to some variability in assays of angiogenic 
factors (Strieter et aL, 1992). 
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Advances in image analysis (Proia et til.. 198.S; Haynes et al.. 1989) 
have improved the capacity to quantitate using the corneal model. Often a 
computerized digitalyzer. for example the Optomax Image analysis system 
(Optomax. Holiis, NY) or similar, is used. This system consists of a high- 
sensitivity closed circuit television (CCTV) camera mounted on a Nikon 
Optiphot-2 microscope. The image is displayed on a color video monitor 
that is interfaced with a microprocessor. Histological slides stained with 
von Willebrand factor antibodies may be used to locate blood vessel 
formation. Sequential monitoring of neovascularization in individual ani- 
mals makes it possible to evaluate progressive changes in the process 
( Folkval. 199 1 ). Indeed, development of computer-assisted image analysis 
has made manv models of angiogenesis more quantitative (Parke et al., 
19880. 



C. Pouch Assays 

The hamster cheek pouch is considered to be an "immune privileged" 
site because allogeneic or xenogeneic grafts may grow without eliciting 
an immune response. The anterior eye chamber is another "immune privi- 
leged" site that has been used to study neovascularization of preneoplastic 
mammary tumor cells (Polkman et aL, 1989b). Quantitation of this model 
is by morphometric analysis of histologically prepared sections following 
angiogenesis. Tumor implants have also been used (Auerbach et al. t 1976) 
in this model, as have slow-release vectors to assess the effects of trans- 
forming growth factor (TGF-a) (Schreiber et a/., 1986). 

The dorsal air sac method was developed by Selye (1953). to monitor 
vascularization of tumor grafts. Dorsal air sacs are created by inject- 
ing 10-15 ml of air into the backs of rats, and the model modified 
by the insertion of a transparent window in the skin, through which 
the process may be monitored. Using this model, angiogenesis mediated 
by the injection of tumor cells (Sakamoto et aL, 1991) or endothelial 
cells (Schweigerer et aL, 1992) has been assayed in response to various 
reagents. 

The method of subcutaneous implantation of polyvinyl acetate (PVA) 
sponge disks impregnated with angiogenic factors is in common use (Fa- 
jardo et aL, 1988). Flat sponges of PVA foam are cut into 11-mm disks 
and their flat sides are sealed with Millipore (Bedford, MA) filters. Prior 
to sealing, a core is cut where the test material is to be inserted. This core 
is sealed with a slow-release polymer, ethylene-vinyl acetate copolymer 
(Elvax) (Langer et aL, 1980), then reinserted into the sponge. The sponges 
are recovered 1-3 weeks after subcutaneous implantation. Xenon clear- 



118 



GILLIAN W. COCKERILL ET AL 



ance has been shown to be a useful means of quantifying new blood vessel 
formation (Andrnde ft a/. t 1987). 

Several in vivo, or in ouo, angiogenesis assays rely on being able to 
deliver a discrete amount of effector substance or ceils to a precise loca- 
tion. Currently reagents are imbedded in Elvax. and the rate of release 
of components is dependent on the thickness of the coating of Elvax. 
making it difficult to reproduce these inserts. Alginate, a gjycuron ex- 
tracted from brown seaweed algae, gels in the presence of calcium ions 
or other multivalent counterions by anisocooperatively forming junctions 
between contiguous blocks of a\ .4-L-glucuronan residues present in the 
polysaccharide. Growth of avian and mammalian chondrocytes in iono- 
trophically gelled alginate beads demonstrates the potential of using this 
model for an alternative delivery system in angiogenesis models (Guo et 
aL, 1989), or it may provide an alternative method for the slow release 
of effectors of angiogenesis (Downs et aL. 1982). Matrigel can also be 
injected subcutaneousiy in mice, and used as a vehicle to assess angiogenic 
activity of different compounds (Passanti et aL, 1992: Kibbey et aL, 1992). 
Although the subcutaneous injection of Matrigel alone is insufficient to 
induce focal angiogenesis when fibroblast growth factor (FGF)-heparin 
is mixed with the Matrigel. in-growth of vessels is observed within days. 
The Matrigel plug can be removed, and processed for vessel quantitation 
(Passanti et aL, 1992: Kibbey et aL. 1992). 

D. Mesenteric Window Assay 

The mesenteric window assay examines the effect of reagents on normally 
vascularized mammalian tissues. Angiogenesis in this model is mediated 
by autologous mast cells, and probably occurs frequently because mast 
ceils are activated in tissue trauma, wound healing, inflammation, as well 
as in many clinical and experimental tumors (Enerback and Norrby, 1989). 
Although the mechanism of the mast cell-mediated angiogenic reaction is 
not completely understood it is known that preformed mast cell products 
such as heparin and histamine can be angiogenic (Norrby et aL, 1986, 
1990; Garrison, 1990; Norrby and Sorbo, 1992: Sorbo and Norrby, 1992). 
Mast cell-mediated angiogenesis has also been reported using the CAM. 
assay (Clinton et aL, 1988; Duncan et aL, 1992). 

The mesenteric window assay is well suited to quantitative analysis. In 
addition to the number of vesseis per unit length of tissue and the vascu- 
larized area, it permits quantitation of vascular density and total vascular 
quantity, as well as measurement of the branching pattern (Norrby et aL, 
1990; Jakobsson and Norrby, 1991). 
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When endothelial ceils are maintained as a confluent monolayer for pro- 
longed periods of time without replenishing the nutrients, capillary-like 
vessels spontaneously form. This "spontaneous'* tube formation takes 
between it) and 14 days after confluence { Folkman er ai., 1979). During 
spontaneous tube formation of human umbilical vein endothelial cells 
(HUVECs) the majority of the cells are involved in chaotic cell death, as 
nutrients become depleted. The capillary-like vessels generated from the 
small percentage of the population that differentiates are anchored loosely 
in the culture dish, with no formation of a monolayer (seeTig. 1 ). However, 
endothelial cells of bovine origin spontaneously form capillary-like tubes 
by a process of "sprouting" of a subpopulation of cells that form a reticular 
network of vessels sitting on top of a monolayer of cells (Maciag er ciL, 
1982). The reason for this difference is not understood but may relate to 
the fact that bovine endothelial cells have a lower growth factor require- 
■ ment and may tolerate longer periods of time in growth factor-depleted 
culture conditions, suggesting that the cell death seen in the human cell 
cultures may be consequential and not important to angiogenesis in this 
model. An important feature in both cases is that only a small proportion 
of the initial cell population is involved in forming these tubelike struc- 
tures. What distinguishes this small subpopulation. and at what point in 
the proceedings these cells commit to differentiation, remains unknown. 
In bovine aortic endothelial cell spontaneous tube formation, sprout forma- 
tion precedes the generation of a capillary-like network on top of the 
monolayer, and has been shown to involve the synthesis of type I collagen 
(Cotta-Pereira er al.. 1980). The possibility of modulating this early event 
has come to light from studies in which the addition of 10-100 /xg/mi of 
type I collagen plus phorbol I2-myristate 13-acetate (PMA) to monolayers 
of human neonatal foreskin capillary endothelial ceils rapidly (3 hr after 
addition) induced the initial sprouting patterns previously observed only in 
bovine spontaneous tube formation (Jackson and Jenkins. 1991). Further 
reports on this intriguing model have not been forthcoming. 

We have observed that the rate of spontaneous tube formation is in- 
creased when confluent cultures of endothelial ceils are stressed by altered 
pH or temperature (G. W. Cockerill, unpublished observation). This obser- 
vation is consistent with the stress-related changes in heat shock protein 
90 fhsp90). which have been shown to be mediated through alterations in 
extracellular matrix (Ketis et al., 1993). Little is known about the effects 
of modulation of hsp90 on angiogenesis. However, because hsp90 has 
been shown to mediate the nuclear translocation of the estrogen receptor 
it is interesting to propose this as a productive avenue of research. 



FIG. 1 Spontaneous angiogenesis of HUVECs. Endothelial cell monolayers were allowed 
to exhaust the culture medium over a period of 10-14 days. Although most of the cells died 
a small subpopulation differentiated to form tubelike structures. These structures have 
lumena. as determined by serial sectioning, and were attached to the edge of the culture 
dish, and also at a single point in the center of the dish (middle). 
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Several three-dimensional gel assays have been developed, includinu colla- 
gen type I (Montesano and Orci. [985. 1 987: Montesano et aL/ I986'}, 
tibnn (Montesano c/ W.. 1987). ribronectin (Ingberand Foikman. 1989a)! 
and Matrigel (Kubota et a/.. 1988). Here we discuss the xollauen and 
Matrigel model. 

1. Type I Collagen Gels 

The addition of PMA to endothelial cells seeded onto type I collagen 
induces invasive, capillary-like tubes (Montesano and Orci. 1985: Mon- 
tesano et al., 1887). as illustrated in Fig. 2. suggesting involvement, of 
protein kinase C (PKC) in this process. Invasion is mediated by inducing 
expression and synthesis of type I collagenase. plasminogen activator 
(PA) activity, and stromelysin in endothelial ceils in culture (Gross et 
aL. 1982; Moscatelli and Rifkin. 1988: Herron et al.. 1986). Kalebic and 




FIG. 2 Collagen ge! model of angiogenesis. Capillary-like vessels were generated within 
24 hr of seeding human umbilicaj vein endothelial cells onto thick type I collagen geis in 
the presence of PMA. 
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n rhe l l Ir h ° USh t . heSe m ^ ilu P r ^'™ses arc likely to be produced 

by P lu mm produced by the action of coordinated expressed urokinase- 
type plasminogen activator (uPA). 

Reduction of proteolytic activity may be achieved bv several protease 
!™'° ,t0rs - P' asm,n °8en activator inhibitor 1 ( PA1- 1 ) is the major secreted 
inhibitor ot bovine aortic endothelial cells (van Mourik et al 1984) and 
has been shown to be expressed in virtually all endothelial cell tvpes 
Moscatell, and Rifkin. . 1988). Tissue inh.bitor of metalloproteinases 
(1 IMP) has been shown to be synthesized by rabbit brain capillarv endo- 
thelial cells, and is able to inhibit collagenase. stromelysin. and other 
proteases (Herron et al.. 1986). Another level of control of annoeenesis 
may be afforded by the differential localization of expression ofproteases 
and inhibitors, whereas the proteases are often cell surface associated 
the PAI-1 ,s ECM associated, and TIMP may be secreted into the intersti- 
tial fluids. 

Comparison between endothelial cell invasion and tumor cell invasion 
suggests that the proteolytic activity of endothelial cells mav be cell associ- 
ated (Moscatelli and Rifkin. 1988). This hypothesis is supported bv the fact 
that uPA (Moscatelli. 1986). plasminogen, and plasmin bind to'cultured 
endothelial cells (Bauer et al.. 1992). Other components of the proteolytic 
cascade have also been localized to endothelial cell ECM. For example 
PAI-I is associated with the substratum and stabilized in its active form 
such that it can complex with tissue-type plasminogen activator (tPA) 
and inhibit us activity (Levin and Santell. 1987). Plasminogen activator 
inhibitor 1 deposited near endothelial cells may protect the capillary base- 
ment membrane and other matrix proteins from proteolysis by plasmin- 
generating enzymes. In addition, enzyme activation may be favored" 
by the localized deposition of proenzymes and activators, which could 
result m an enhanced rate of enzyme activity and invasion. Protection 
from inacuvation from secreted or ECM-associated inhibitors, and local- 
ization of enzyme activity to' discrete regions allow proteolysis and thus 
angiogenesis to proceed in a specific direction (Moscatelli and Rifkin, 
1988). 

Tube formation in this model occurs within 24 hr and requires 
both transcnpuon and translation (Montesano and Orci, 1985). Cells are 
seeded onto the top of a thick gei of collagen in the presence of 
The subsequent cell invasion of the matrix mimics the early events 
seen during angiogenesis in vivo. Capillary-like structures form through- 
out the gel, making quantitation difficult. Not all ceils are stimulated 
to differentiate, and some remain as a monolayer on the surface of 
the gei. 
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The basement membrane is an important biological mediator of angiouen- 
esis, and has been exploited in both in vivo and in vitro assays to assess 
the angiogenic activity of various factors (Madri et aL, 1 983; Ingber and 
Folkman. I989a.b; Form et al., 1986). Matrigel is made by extracting the 
basement membrane matrix of Englebreth-Holm-Swarm (EHS) tumors 
taken from lathrytic mice (Kleinman et aL. 1982). At 4°C the extract is a 
viscous liquid that gels on warming to 37°C. The major components of 
this material are laminin. collagen IV, entactin/nidogen. heparan sulfate 
proteoglycan (Kleinman et aL, 1982), and growth factors (Taub et aL, 
1990). The direct application of the material to angiogenesis was by Kubota 
and colleagues (1988). Figure. 3 shows a typical response of human umbili- 
cal endothelial cells to this matrix. Within 1 hr the cells have rapidly 
migrated into a reticular network of aligned cells (Fig. 3a). after 2 hr the 
cells have started to flatten (Fig. 3b), and by 12-18 hr they have formed 
a network of capillary-like structures on the surface of the gel (Fig. 3c). 
These structures have a well-defined lumen that can be visualized by serial 
cross-section at the electron microscope level. Tube formation on Matrigel 
is a density-dependent phenomenon (Fig. 4). At too high a cell density a 
monolayer is formed, and at too low a cell density the ceils do not contact 
each other, and in both instances tube formation is inhibited (Cockerill 
et aL, manuscript in preparation). 

Alignment of the cells appears to be necessary for tube formation on 
Matrigel. However, many cell types are able to transiently form an aligned 
network on top of the Matrigel gels (Emonard et aL, 1987), but do not form 
structures with a lumen, indicating that alignment is necessary but not suffi- 
cient for tube formation. Figure 5 shows the time course of tube formation 
for HUVECs (Fig. 5, left) and a stromal fibroblast ceil line (Fig. 5, right). 
Although the cells appear to align (Fig. 5 A and B), only the HUVECs remain 
in the reticular pattern 2 hr after seeding Fig. 5C). whereas the stromal cells 
are clumping together in nodules ( Fig. 5D). Whereas the HUVECs still dis- 
play a network of capillary-like vessels, after 24 hr (Fig. 5E), the stromal 
ceils are in tight nodules (Fig. 5F). The inset shows the stromal ceils 3 days 
after seeding, at which time the cells begin to migrate out of the nodules as 
solid cords of cells (Cockerill et aL, manuscript in preparation). Matrigel 
seems to support differentiation of many cell types. Mammary epithelial 
cells form nodes that produce casein (Seeley and Aggeler, 1991), and baby 
mouse kidney cells form nodes that eventually (after 6 days) form structures 
with lumena (Klein et aL . 1 988). Sertoli cells form short, cordlike structures 
(Hadley et aL, 1990). 

Alignment of endothelial cells on Matrigel does not require protein 
synthesis or gene expression (Bauer et aL, 1992). However, tube formation 





FIG. 3 Matrigel model of angiogenesis. HUVECs afign within 60 min of being seeded onto 
thick Matrigel gels (a), and by 2-3 hr have flattened into a reticular network on the sur- 
face of the gel (b), and within 12-20 hr the cells have formed a mesh of capillary-like ves- 
sels (c). 
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SSvFr Angl0g H e T SiS °Y Mam 's ei is de ™<V dependent. The extern of tube formation in 
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optimal cell density, using gels in microtiter travs. was 2 x W cells/well Tt the hi.h-r 
density examined (6 x lO 1 cells/wein Wf > nh«*.rO*n . «iis/wen. At the highest 



^hhv^ f " e expression during the period of cell alignment, as 

fo™«?in°w? transc u npti ° nal inhlbit ° rS during a %nnient abolishes tube 
formation whereas the add.tion of inhibitors after this event does not 
. affect tube formation (Fig. 6). Gene induction by Matngel has also been 
demonstrated >n HUVECs (Sarma er al.. 1992). where contact with the 
matrix induces a primary response aene. 

.he^JnV^^^ 1 f°'I agen aSSay P ^ C mobilization is clearly required in 
flf Trfl n an S 10 S enesis (Bauer er al., 1992; KinseHa „ fl/ . 

S"f e the =°" a S en S el model, the activation of PKC observed on 
Matngel does not lead to invasion of the ceils into the gel, suggesting that 

two mode? °4 Pr0 M 0lytiC CnZymeS 15 si ^antly different between the 
sent <Tr \ ' m ° dd ° f "WBewsis more accurately repre- 

sents conditions that are likely to occur as a late event in angiogenesis /„ 
v,vo Differentiation of endothelial cells on Matngel may be blocked b y 
5 T? 9 £ X The md,C :S ?" thC PrOCCSS G proteins (Bauer 

o he^svsfem Jo h dCPendent G pr ° te,nS have been ^own in 

(Devr 0 T e rS? £ ' mPOrtant !? Ce,,_Ce " interactions development 
cloned bv d fferi" ; emams . t0 be seen if tne .G protein-coupled receptor 
ou PM / d,rfe ™ t,al s^ening of endothelial cell libraries with and with- 
out PMA activatton (H.a and Maciag, 1990) has a role in angiogene sis 
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FIG. 5 Tube formation on Matrigel is ceil specific. Left: The time course of angiogenesis 
seen in normal HUVECs. Right: The time course of events when stromal fibroblasts are 
seeded onto Matrigel under the same conditions. After 1 hr both cell types appear to have 
aligned (A and B). At 2 hr the HUVECs are flattening (C). whereas the stromal fibroblasts 
are clumping together (D). At 20 hr postseeding, the HUVECs have formed a reticulum of 
vessel-like structures (E) whereas the fibroblasts have aggregated into dense balls (F). 
Interestingly, at 3 days the stromal fibroblasts were beginning to migrate out of the ceil 
clusters (inset). Serial sectioning of these structures showed only cords of cells, with no 
apparent lumen. 

Similar to other models of angiogenesis , the Matrigel-induced angiogenesis 
may be inhibited using analogs of proline to inhibit collagen synthesis 
(Grant et al. f 1991). 

Unlike the collagen gel model of angiogenesis the majority of cells 
seeded onto Matrigel gels will differentiate and enter into angiogenesis. 
The basement membrane extract of the EHS sarcoma was the starting 
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FIG. 6 Angiogenesis on Matrige! requires gene expression. HUVECs were plated onto 
Mairigel and allowed to form capillary networks. By using the reversible transcriptional 
inhibitor (DRB) we were able to show that inhibition of transcription during the first hour, 
although not affecting alignment of ihe cells, completely abolished the development of 
capillary-like structures. The addition of the inhibitor after alignment and flattening had no 
effect on the ability of the cells to form capillary-like structures. 



material for the purification of the calcium-binding basement membrane 
protein 40 (BM-40VSPARC (Dziadek et al. t 1986). Although the steady 
state levels of SPARC mRNA have been shown to increase during sponta- 
neous tube formation, levels do not change during angiogenesis on Matri- 
gel. Because SPARC has been shown to be able to arrest ceils in cycle 
(Funk and Sage. 1991) it is interesting to suggest that this may be a 
mechanism for establishing synchrony in this model, explaining why al- 
most all the cells on Matrigel differentiate. 
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Matrigel is subject to batch-to-hatch variation. It is likely that small 
variations rn components greatly affect cell adhesion, motility, and prolif- 
eration, and aii contrive to alter the differentiation of endothelial cells on 
Matrigel. We have observed differences in adhesion and also in levels 
and types of proteoglycan 'between batches. An altered combination of 
matrix components may lead to differences in the malleability of the final 
gel. Studies indicate that this is a factor that could potentially alter cell 
response (Vernon et aL. 1992). One of the advantages of its use is that 
the cell response is more homogeneous and. because the capillary-like 
structures generated form on the surface of the gel. the model is relatively 
easy to quantitate (Grant et aL. 1989). 

To date, the factors tested in in vitro and in vivo Matrigel assays show 
activities similar to those observed in the CAM model (Grant et aL. 1989: 
Sakamoto et aL. 1991 ; Passanti et aL, 1992: Kibbey et. aL. 1992). 

3. Future Directions ' 

Laminin antibodies that block binding of endothelial cells to laminin or 
Matrigel demonstrated a requirement for cell adhesion prior to growth 
and differentiation (Grant et aL. 1989). From these studies it was also 
suggested that the rapidity of angiogenesis on Matrigel versus collagen 
gels was a result of the need to synthesize a basement membrane~on 
collagen gel that was already present on Matrigel (Grant et aL. 1989). 
Application of YIGSR-NH-, laminin peptide to a monolayer of endothelial 
cells resulted in 30% of the population developing a ringlike structure, 
suggested by the authors as paralleling lumen formation (Grant et aL. 
1989). Could this be a significant way of distinguishing a tube-competent 
endothelial subpopulation? If this suggestion is supported then this phe- 
nomenon would be appropriate to apply to subtractive hybridization, or 
the more recently developed differential display technology to clone those 
genes that mediate these events. 

A number of workers have previously suggested a role for integrins in 
the in vitro angiogenic behavior of endothelial cells on extracellular matrix 
(Grant et aL, 1989; Basson et aL, 1990). The addition of monoclonal 
antibodies against a6 and j3\ to endothelial cells seeded onto Matrigel 
completely blocked angiogenesis on this matrix (Bauer et aL f 1992). Be- 
cause laminin is the major component of this gel and the a6/3\ integrin is 
shown to be the major receptor for laminin (Sonnenberg, 1988), it is likely 
that antibodies prohibit cell attachment to. such a degree as to prevent the 
formation of capillary-like structures. We have shown that this model of 
angiogenesis is density dependent (Fig. 3), therefore it is not clear if 
inhibition of cell adhesion to Matrigel per se blocks angiogenesis, or 
whether by reducing the cell number finally attached to the gel (Bauer et 
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they have inhibited ungiogenesis by reducinu the cell density 
in similar stud.es. polyclonal antibodies to the entire vkronect „ , tt S 
and Jbronecnn («5fl.) receptors totally inhibited cel. adhesion to MarS 
and hen.e cap.llary formation m Matrigel (Davis ,/ „/.. 1993) The use'of 
co-mtegnn monoclonal antibodies in the same studies either had no effec 
or enhanced tube formation (Bauer at al.. 1992: Davis er al 1993) A 

1Zl X V^ m ' tYa wT 1 th,S effect - come » from * study by Gamble 
j l. I I " Wh,Ch select,v ely restricting the adhesive repertoire of 
endothelial cells tor the specific matrix to which thev are exposed the 
authors were able to show an enhancement of angiocenesis. On coila«en 
r?l~? lhe Presence of PMA. a20i antibodies that block the collacen 
recepror enhanced tube formation, whereas no effect was seen on fibrin 
gels (Gamble et a/ .. 1993) Conversely, antibodies directed aaainst the 
major hbnn receptor *v(33 enhanced tube formation on fibrin" -els but 

rnrt TSn Ct °" col,a * en - ThUS - restrictin S £ he usage of fibronectfn receo- 
tors (o>0l) on Matngel by the use of anti-a5 antibodies mav explain the en- 
hancement observed in the Bauer et al. studies (1992). fne potential use 
ot antMntegnn antibodies as therapeutic agents has recently been demon- 
strated in the CAM assay using anti-<* v ,3, antibodies (Brooks et at 1994) 
rh. . w- ' ndu . ces . a motiIe Phenotype in endothelial cells seeded onto 
the gel. Within 3 mm of contacting the gel the endothelial cell is covered 
wit • microspikes that may be visualized by fluorescently labeled phalloidin 
stains (Fig. 7). Whereas on plastic the endothelial cvtoskeleton rapidly 
Polymerizes and forms a complex network of filaments observable after 
-U-jO mm. after several hours on Matrigel the onlv cvtoskeletai architec- 
ture one can detect with phalloidin is at cell junctions and in the micro- 
spikes on the cell surface. Not until late in tube formation on Matngel 
can actin filaments, running parallel to the tube, be observed (Fig 8) We 
postulate that the establishment of a motile phenotvpe is likelv to be a 
prerequisite of endothelial cell differentiation. This proposal is supported 
by studies that show that the angiogenin-b.nding protein is a 42-kDa cell 
surface actin-related molecule (Hu et al.. 1991 ; Moroianu et al 1993) In 
addition, several other more potent angiogenic factors have actin-binding 
capacity and the angiogenin has been shown to be able to induce actin 
polymerization at suboptimal concentrations for spontaneous polymeriza- 
tion (Hu et aL. 1993). The fact that angiogenic factors such as basic FGF 

hv tU "] 0r nCCrOSis factor a (TNF-a) can stimulate angioeenesis 

by receptor-mediated mechanisms, but can also bind actin. suggests that 
acun binding may provide a more general mechanism for mediating angio- 
evenHn ^ lternatlvel - v - ma y P r ° v ide a mechanism for mediating an early 
mav n Zl h f h Pr ° CeSS - su bsequent to which receptor-mediated mechanisms 
event n , fnaj ° r r ° le - Th£Se observati °"s may distinguish an early 
event in angiogenes.s. which demands further research 
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Angiogenesis /// vivo, rarely occurs within an environment free of other 
cell types. The influence of other cell microenvironments on microvessel 
formation and the expression of tissue-specific endothelial properties are 
being increasing realized (Auerbach et aL, 1987: Butcher et ai.. 1980). In 
a more recent model, angiogenesis is induced by culturing brain capillary 
endothelial cells on collagen gels in a chamber above confluent tumor 
cells, such that both cell types are bathed in the same medium (Okamura 
et aL. 1992: Abe et ai.. 1993). Other croups have been successful in the 
use of a variety of cell types such as esophageal cancer cells (Okamura 
et ai.. 1992) and keratinocytes (Ono et ai.. 1992) to induce angiogenesis. 

Demonstration of the abilities of astroglial cells to induce^angiogenesis 
in brain capillary endothelial cells (Lattera et ai., 1990) has provided a 
model for the study of neural microvessel development, and blood-brain 
barrier formation. In this model. 24 hr after the seeding of C6 astroglial 
cells in a culture, endothelial cells are seeded at twice the density. Angio- 
genesis in this model requires both gene expression and protein synthesis 
(Lattera and Goldstein. 1991). and was induced within 24 hr of coculture. 
Furthermore, the induction of angiogenesis required direcfcell-cell con- 
tact, as no enhancement was observed when the two cultures were bathed 
in the same growth medium in a Boyden chamber, where they were not 
in direct contact. Quantitation of this model is facilitated by being able 
to differentially stain the cell types involved in the culture model. In 
addition, computer-assisted analysis of fluorescently stained photographs 
enables the assay to be relatively accurate. 

H. Aortic Ring Model 

The radial growth of microvesseis is easily monitored in rings of aortas 
imbedded in three-dimensional (thick) gels, using standard phase micro- 
scopy. The end point can be histologically processed and sections cut for 
morphometric analysis (Nicosia and Ottinetti, 199G). Aortic rings of rat 
aorta embedded into collagen or fibrin gels in the absence of exogenous 



FiG. 7 Aciin staining of early events in angiogenesis on Matrigel.. At opiimal cell density 
on Matngei. HUVECs aligned within 1 hr (see Fig. 3a). The cells were polarized end-to- 
end. Actin staining with Bodipy-phalloidin showed polymerized actin cytoskeleton at cell 
junctions and in microspikes (A). At high ceil density, the cells attached to the matrigel as 
a monolayer and did not form extensive capillary-like structures. Actin staining of densely 
seeded cells after 1 hr (B) showed no end-to-end polarity and polymerized actin cytoskeleton 
surrounded most of the cells. The inset in (B) shows the staining of microspikes on the 
cells, characteristic of the motile phenotype. 
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growth tactors can also generate a complex arrav of microvessels This 
demonstrates the potential usefulness of this more derined model of angio- 
genesis (Nicosia and Ottinetti. 1990). * 



I. Human Amnion 

The basement membrane of the human amnion may be used as a arowth 
substrate for microvascular endothelium (Madri et aL. 1983: Furie%r aL. 
1984). Endothelial cells differentiate on this substrate but do not invade 
(Madri et aL. 1983: Furie et aL. 1984). as observed in the Matrigel model. 

J. Summary 

Whereas the collagen gel assay and the aortic ring model are best suited 
to investigating the effects of reagents on invasion of interstitial collaeens. 
the human amnion and Matrigel model are best suited to examining the 
effects of mediators on'later events in angiogenesis. All of these models 
address subtly different aspects of angiogenesis. To examine thorouehlv 
the likely effects of a reagent, multiple models should be used. The in 
vivo model most appropriate for a particular reagent needs to be employed. 



III. Enhancers and Inhibitors 

A. Enhancers and Angiogenesis 

Classically, angiogenic factors have been defined as those that act directly 
on the endothelial cells to stimulate motility and mitosis, and as those 
that act indirectly to induce host cells to release growth factors that then 
target endothelial ceils (Folkman and Klagsbrun, 1987). Development of 
reagents that enhance angiogenesis would have direct relevance in the 
management of severe wounds, and would facilitate many situations. Al- 
though some factors have been purified from highly vascular tumors, more 



8 Fluore scent staining of capillary-like structures on Matrigel. The parallel arrays of 
actin filaments can be observed in the capillary-like structures formed bv HUVECs on 
Matrigel. fa) A capillary stained with Bodipy-phaiio.din. (bi The nuclei of a tube stained 
with propidium iodide, demonstrating the multicellular nature of these structures 
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recently a factor has been isoiated from the blood of patients with sysremic 
vasculitis r Cid ct uL, 1993). 



L. Transforming Growth Factor (3 

Transforming growth factor (3 is angiogenic in vivo (Roberts et aL. 1986). 
However, whereas TGF-/j induced tube formation when microvascular 
endothelial cells were placed in thick collagen gels (Madri et aL, 1988). 
it inhibited proliferation ( Frater-Schroder et aL, 1986) and migration 
(Heinmark et aL. 1986) in other cell culture systems. Furthermore, in 
cultured bovine capillary endothelial cells TGF-jtf decreased the amount of 
cell-associated and secreted PAI-I. decreasing cell invasion into collagen 
matrices and through amniotic membranes (Muller et aL. 1987; Mignatti 
et aL, 1989). Because TGF-£f is a potent chemoattractant for macrophages 
( Wahl et aL, 1987). it is possible that the TGF-/3-induced neovasculariza- 
tion is a consequence of angiogenic components produced from attracted 
macrophages. 

2. Tumor Necrosis Factor a 

-Antibodies to TN F-cx have been shown to neutralize the angiogenic activity 
of thiogiycolate-treated macrophages in the chick chorioallantoic mem- 
brane assay, and also in the type I collagen gel assay (Liebovich et aL. 
1987). and in the rabbit corneal model ( Frater-Schroder et aL, 1987). With 
both TNF-a and TGF-/3 angiogenesis is associated with an inflammatory 
process, unlike bFGF-induced angiogenesis (Esch et aL, 1985). 

3. Angiogenin 

Angiogenin is a 14-kDa protein initially identified in HT 29 adenocarcinoma 
cells ( Fett et aL, 1985). It was later found to be in adult liver, and at lower 
concentrations in many normal tissues as well as in serum (Weiner et 
aL, 1987; Shapiro et aL, 1987). Angiogenin shows 25% homology with 
pancreatic RNase (Shapiro et aL, 1987). However, its RNase activity is 
limited compared to pancreatic RNase, as it can break down tRNA, but 
only partially cleaves 18S and 28S ribosomal RNAs. Site-directed muta- 
genesis to determine the significant residues for RNase activity shows an 
increase in RNase activity with a concomitant loss in angiogenic activity 
(Shapiro et aL, 1989; Harper et aL, 1989). Further studies suggest that 
the RNase activity site in angiogenin is essential, but not sufficient, for 
its angiogenic activity, and that a second site on the molecule is also 
required (Hallahan et aL, 1991). Most recently, it was shown that the 
specific endocytosis of angiogenin is followed by nuclear translocation 
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(Moroianuand Riordan. 1994). Nuclear translocation has also been demon- 
strated to occur with the FGFs and endothelial cell growth factor (EGF) 
(Bouche et aL, 1987: Baldine et aL. 1990; Sano et aL. 1990). suggesting 
, that this may be a common pathway in the mechanism of angiogenesis. 
Angiogenin can bind specifically to the endothelial ceil and this'btnding 
is specifically inhibited by RNase inhibitor (Badet etaL. 1989). In addition, 
placental RNasin binds to angiogenin hundreds of times more efficiently 
than other RNases (Fox and Riordan, 1990). An angiogenin-binding pro- 
tein with properties consistent with being an angiogenin receptor compo- 
nent has been identified in a transformed endothelial cell line. GM7373 
(Hu et aL, 1993). It is a 42-kDa cell surface protein that is released by 
exposure of cells to heparin, heparin sulfate, or angiogenin. This protein 
has been shown to be a cell surface actin (Hu etaL, 1993). Angiogenin was 
able to induce the polymerization of actin at suboptimal concentrations 
required for spontaneous polymerization. This ability may be central to 
its mechanism of action, because such events could result in shape change 
and detachment, and precipitate subsequent events such as migration and 
proliferation, which lead to capillary formation. In support of this idea, 
reorganization of extracellular actin has been observed during the growth 
and formation of the corneal endothelium ( Klagsbrun and D' Amore. 199 1 ). 

4. Fibroblast Growth Factor 

The heparin-binding fibroblast growth factor (FGF) family, acidic FGF 
(aFGF/FGF-1) and basic FGF (bFGF/FGF2), are among the growth fac- 
tors that act directly on vascular ceils to induce endothelial cell growth 
and angiogenesis (Burgess and Maciag, 1989; Auspmnk and Folkman, 
1977; Abraham et aL, 1986; Gospodarowicz et aL, 1984; Thomas et aL, 
1985; Yanagisawa-Miwa et aL, 1992). Whereas aFGF is found primarily 
in normal tissues (Risau et aL, 1988) and in vascular SMC (Winkles et 
aL, 1988). bFGF has a wide distribution (Lobb et aL, 1986; Schweigerer 
et aL, 1987). Because FGFs lack a signal sequence for secretion, their 
normal mode of release is not fully understood (Burgess and Maciag, 
1989). Basic FGF is. however, associated with the ECM components, 
and its most important stored form is thought to be complexed to heparin 
sulfate proteoglycan (Folkman et aL, 1988). It has been hypothesized that 
poor perfusion in tumors may result in ischemia, acidosis, and tissue 
damage, which in turn may release FGF from the cells and ECM stores, 
and subsequently stimulate angiogenesis (D' Amore and Thompson, 1987). 

Fibroblast growth factor may be detected after endothelial injury (Gadju- 
sek and Carbon, 1989; McNeil et aL, 1989), and are present in the subendo- 
thelial matrix (VIodavsky et aL, 1987). However, several other genes are 
observed to induce intimal hyperplasia, such as piatelet-derived growth 
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factor (PDGF) or TGF-£! (Nabe! et aL. 1993b). Studies using direct -ene 
transfer of a secreted form of aFGF (Nabel et a!-... ^^"showed" the 
induction of imimal thickenings 21 days after gene transfer. Neovasculari- 
zation of this intimal thickening was observed, suggesting that the FGFs 
could potentially cause neovascularization in similar preatherosclerotic 
lesions. Acidic FGF stimulates hyperplasia and neovascularization of the 
hyperplastic intima. suggesting that smooth muscle hyperplasia alone is 
insufficient for the formation of new capillaries. 

The locomotion of ceils of endothelial origin is suppressed by TGF-/3 
but is enhanced by bFGF (Sato and Rifkin. 1988; Madri et aL, 1988). 
The locomotion of many normal and transformed ceils of epithelial and 
mesenchymal origin can also be induced by members of the FGF fam- 
ily, insulin-like growth factor (IGF), PDGF. TGF-a. TNF-a. colony- 
stimulating factors (CSFs). interleukin 8 (IL-8). and interferons, in addi- 
tion to complement and some matrix proteins (reviewed in Stoker and 
Gherardi. 1991). 

Mignatti and colleagues (1989) have shown that bovine capillary endo- 
thelial cell migration through human amnion basement membrane was 
inhibited with antibodies to bFGF. This FGF-induced migration could 
also be inhibited by inhibitors of both piasmin and metalloproteinases as 
well as antibodies to tPA and type I and IV collagenase. demonstrating 
that both tPA. piasmin. and specific metalloproteinases are involved in 
the bFGF-induced invasion associated with angiogenesis. 

5. Vascular Endothelial Growth Factor/ Vascular 
Permeability Factor 

The vascular endothelial growth factor ( VEGF) family of proteins, also 
referred to as vascular permeability factor ( VPF), exists as dimeric glyco- 
proteins of M v 34K-46K that affect capillary permeability, and stimulate 
endothelial cell growth in vitro, and angiogenesis in vivo (Keck et aL, 
1989; Connolly et aL, 1989; Ferrara et aL, 1992). Vascular endothelial 
growth factor has been characterized in several tumors of different species 
(Ferrara et aL, 1992), and is structurally related to PDGF with 18% identity 
between VEGF and the PDGF B chain. Vascular endothelial growth fac- 
tor, like PDGF, can bind heparin and can be eluted off at low salt (Ferrara 
etaL, 1992; Senger etaL, 1990). Monoclonal antibodies to VEGF inhibited 
the growth of tumors in nude mice (Kim et aL, 1993). Four splice variants 
of VEGF may - exist in four different homodimeric molecular species 
(Leung et aL, 1989; Houck et aL, 1991; Tisher et aL, 1991). A variety of 
transformed cell lines express the VEGF mRNA and secrete VEGF 
(Senger et aL, 1986; Rosenthal et aL, 1990). In situ hybridization studies 
demonstrate high levels of VEGF mRNA in highly vascularized glioblas- 
toma multiforme and capillary hemangioblastoma (Berse et aL, 1992; 



ANGIOGENESIS l37 

Shweiki tft a!.. 1992; Plate er <//.. 1992; Berkman er aL. 1993). Monoclonal 
antibodies capable of blocking VEGF-induced angiogenesis in vivo and 
in vitro were used to assess the effect of VEGF on tumor urowth (Kim 
er aL. 1992). 

6. Interieukin 8 

Interieukin 8 is a cytokine involved in leukocyte-vascular endothelial cell 
interactions such as the invasion of neutrophils through a vessel wall 
model via/32-integrin attachment (Huber er aL, 1991). which more recently 
has been shown to have angiogenic properties (Koch er aL. 1992). It has 
also been implicated in angiogenic disease states such as psoriasis and 
rheumatoid arthritis (Brennan er aL, 1990: Seitz er aL. 1991; DeMarco er 
aL. 1991; and Schroeder and Christophers. 1989). Indeed, the rheumatoid 
synovium is a major source of IL-8. Similar to other angiogenic factors. 
IL-8 was shown to bind heparin and to have potent angiogenic activity 
when implanted into the rat cornea (Koch er aL. 1992). It also induced 
proliferation and chemotaxis of human endothelial cells (Koch er aL. 
1992). However, whereas 2-40 ng of IL-8 induced corneal vascularization. 
400 ng did not induce significant angiogenesis in this model, suggesting 
that in areas where high concentrations of IL-8 are produced (in areas of 
acute severe inflammation) neovascularization may not occur (Robbins 
er aL, 1984). Differing dose-dependent actions of IL-8 have, also been 
demonstrated for neutrophil chemotaxis. Hence, high levels of IL-8 induce 
neutrophil chemotaxis (Yoshimura er aL, 1987: Larsen er aL, 1989) but 
low levels result in selective lymphocyte chemotaxis (Yoshimura er aL, 
1987). In support of the idea that IL-8 may have a direct role as an inducer 
of neovascularization, studies have shown that recombinant IL-8 (rIL-8) 
can induce endothelial chemotaxis and proliferation (Koch er ai. t 1992). 
These findings raise the possibility that TNF-<z- or IL- IB-induced angio- 
genesis in the cornea may be mediated by induction of endogenous IL-8. 
Also, other factors may be produced in the cornea that mediate angiogen- 
esis. For example. bFGF may be released from corneal extracellular ma- 
trix by the action of heparitinase (Folkman er aL: 1988), which may be 
important in mediating corneal repair. 

7. Phosphatase Inhibitors 

Vanadate potentiates the effect of growth factor-induced angiogenesis 
(Spisni er aL, 1992). Okadaic acid also induces angiogenesis in the chick 
chorioallantoic membrane model, with a minimum effective dose of 
5 fmol/egg, and half-maximal dose being 90 fmol/egg (Oikawa er aL, 1992). 
Okadaic acid exerts an angiogenic activity an order of magnitude stronger 
than PMA but the time course of induction is slower than forPMA. 
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suggesting a differing mechanism of action (Suaanumu er al 1988) Oka- 
daic acid inhibits type I and 2A protein phosphatases, resulting in an 
increase in phosphoprotems within the cell (Havstead et al 19X9- S issa 
etal.. 1989; Yatsunami *r <,/.. 199!). Unlike PMA. okadaic acid stimulates 
the production ot prostaglandin E : in rat peritoneal macrophaises (Ohuchi 
et al.. 1989) and potentiates the ability of TGF-/31 to upre-ulate u?\ 
■expression (Falcone et al.. 1993). The delayed upreculation of c-fot 
transin. and urokinase by okadaic acid has also been demonstrated in 
mouse keratinocyes(Holladay err «/.. 1992). It is likely that some proteases 
such as urokinase and collagenase are involved in aneioeenic induction 
by okadaic acid because the expression of these two protease activities 
was induced by either okadaic acid or TP A (Hoiladav et al.. 1992- Kim 
et «/.. 1990: Levy et al.. 1991: Whitham et al.. 1986)' • 

8. Haptoglobin 

Sera from patients with systemic vasculitis had the capacity to stimulate 
angiogenesis in vitro (Cid et al., 1993). using the Matrigei model of angio- 
genesis. Haptoglobin was identified as one of the components of these 
sera able to mediate the angiogenic effect. Furthermore, antibodies to 
this protein partially inhibited the angiogenic activity of these sera. The 
angiogenic activity of haptoglobin was confirmed in two in vivo models: 
implanted disk and subcutaneous injection with Matrigei. This suggests 
that the increased levels of haptoglobin in chronic inflammatory conditions 
may play a role in tissue repair, and it may offset the effects of ischemia 
in systemic vasculitis by promoting the development of collateral vessels. 
Histopathological studies of affected tissues from systemic vasculitis pa- 
tients often demonstrate new reparative vessels (Olsson et al., 1990). It 
is not yet clear whether the enhanced angiogenic effect of haptoglobin 
from vasculitis sera is due to quantitative differences or to the presence 
of different haptoglobin with higher angiogenic activity. 

9. Hyaluronic Acid Fragments 

Fragments of hyaluronic acid between 4 and 25 disaccharides in length 
have been shown to be angiogenic in the corneal model (West et al., 1985). 
Similarly sized hyaluronic acid fragments are also known to influence the 
binding to, and effect the interactions between, fibronectin and collagen 
(Yamada, 1981), and have been shown to cause aggregation of proteogly- 
cans (Hascall and Heinegard, 1974) and self-association of the molecule 
to a considerable degree (Morris et aL % 1980). These events were similarly 
shown to, be inhibited by the same sized hyaluronic acid fragments that 
inhibit angiogenesis (Eriksson et aU 1983; Morris et aL, 1980). These 
findings support the idea that angiogenesis may be regulated at the level 
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of extracellular matrix, and that factors that influence its composition and 
integrity may influence the differentiation process at work in anizioaenesis. 

10. Synergism between Gangiiosides and Fibroblast 
Growth Factor 

At suboptimai doses of angiogenic factors., the addition of gangiiosides 
promoted angiogenesis (Ziches et aL, 1989). Molecules with a high sialic 
acid content, such as GTIb (bisialoganglioside). are more efficient at influ- 
encing the biological response of capillary endothelial cells than are mole- 
cules with lower sialic acids, such as GM1 (monosialoganglioside) (Ales-" 
sandri et aL, 1986: Ziches et aL. 1989). Further studies show that 
gangiiosides can synergize with bFGF and promote endothelial growth, 
motility, and survival (De Cristan ■ et aL, 1990). 

. } 

B. Inhibitors o"f Angiogenesis 

As our knowledge of angiogenesis increases, so do the approaches 
used to inhibit this process. The existing inhibitors of angiogenesis 
target a variety of functions such as cell proliferation, migration, matrix- 
metabolizing mechanisms, matrix production, and cell-cell recognition. 

1. Fumagellin 

The observation that a fungal contaminant in an endothelial cell culture 
produced an agent that perturbed the growth of the cells around the 
contaminant led Folkman et aL in conjunction with the Tekada Chemical 
Company to the isolation of fumagellin. Fumagellin inhibited angiogene- 
sis in the CAM assay, but the levels required for prevention of solid 
tumor growth were cytotoxic. Synthesis of a more potent analog, o- 
{chloroacetylcarbomoyl) : fumagellol (AGM-1470), provided a safe and ef- 
fective alternative with few side effects in vivo. However, although AGM- 
1470 inhibited endothelial proliferation in vitro it did not inhibit tumor cell 
growth. More recently another potent analog, TNP-470, did have the 
capacity to inhibit tumor growth in vivo (Ingber et aL, 1990; Kusaka et 
al., 1994). The actions of TNP-470 appeared to be mediated through its 
ability to inhibit endothelial cell growth (Kusaka et aL, 1994). Current 
studies are directed toward generating a nontoxic analog effective in tumor 
regression. 

2. Inhibitors of Collagen Synthesis 

_ Several reagents that modify the synthesis of collagen have been used 
to inhibit angiogenesis. The proline analog L-azetidine-2-carboxylic acid 
(LAC A) prevents the triple-heiical formation of collagen, and has been 



140 

L.ILL1AN W. COCKERILL 5? AL 

shown to induce regression of grow-in- capillaries in the CAM mode! 
( Ingber and Folkman. 1988) and inhibit branching or tortuositv in the rat 
mesenteric window model (Norrby. 1993). Another proline analog cis- 
■ hydroxyproline, has been shown to block the synthesis and deposition of 
collagen in basement membrane and reduce the arowth of rat mammary 
tumors (Lewko et aL, 198 I : Wicha et aL. 1981). However, the abilitv to 
inhibit angiogenesis does not always correlate with the ability to act as 
an antitumor agent. Others have shown that LAC A is ineffective as an 
..antitumor agent (Klohs et aL. 1985). LACA cannot be hydroxylated and 
the newly synthesized polypeptides of procollagen do not fold into stable 
triple-helical conformations. When a critical number of prolvi residues 
have been substituted by the analog the thermal stability of the molecule 
is decreased, leading to alterations in the extracellular matrix, which is 
less able to support the normal proliferative capacity of the cell ( Jimenez 
and Rosenbloom. 1974; Uitto and Prockop. 1974: Tay et aL, 1983). Titano- 
cene dichloride. a reagent that inhibits the biosynthesis of collagens. has 
also been shown to be an active antitumor agent bv suppressing ansioeen- 
esis (Bastaki et aL. 1994). 

3. Protamine 

Protamine, a 4.3-kDa arginine-rich protein, acts at a cellular site not associ- 
ated with the FGF receptor, because although it inhibits the mitogenic 
effect of FGF it potentiates the mitogenic effect of epidermal srowth factor 
(EGF) (Neufeld and Gospodarowicz. 1987; Majewski et aL, 1984). In 
addition, it has been shown to inhibit cross-Iinkine between ansiosenin 
and actin (Taylor and Folkman, 1982), an event directly related to the 
mechanism of action of this potent angiogenic factor. Protamine is not 
used for the control of neovascularization because of its' unacceptable 
cytotoxicity (Folkman, 1985). 

4. Cyclosporin A 

The irnrnunosupressant drug cyclosporin A (CsA). administered as a long- 
term treatment during renal transplantation has been shown to have an- 
giostatic properties in the rat mesenteric window model (Norrby, 1992). 
The mechanism of its angiostatic activity is not understood. However, a 
clue as to the mechanism of its actions may be derived from the demonstra- 
tion that the .CsA-sensitive transcription factor NFAT (nuclear factor of 
activated T ceils) is present in endothelial ceils (Cockerill et al 1994) 
The angiostatic effects of CsA may, therefore, be mediated through effects 
of the dmg on genes regulated by the CsA-sensitive transcription factor 
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5. Cartilage-Derived Factors 

Extracts of cartilage, one of the few avascular tissues in the bodv can 
inhibit angiogenesis (Eisenstein et at.. I975: Brem and Folkman ' I97<- 
Langere/a/.. 1 976. I980). A protein, with sequence homolotrv in the NH,- 
termmal region to collagenase inhibitor was purified from bovine scapular 
cartilage (Moses et at.. 1990). This protein inhibited proliferation and 
migration //: vitro and angiogenesis in vivo in the' CAM assav (Moses et 
al.. 1990). Because the dissolution of interstitial collaaens is an important 
step in angiogenesis (Langer et al., 1980: Rifkin et al.. 1982). the presence 
ot collagenase inhibitors in cartilage explains its resistance to invasion 
and vascularization. 

6. Heparin. Steroids, and Heparin-Steroid Conjugates 

The control of angiogenesis with synthetic heparin substitutes was first 
demonstrated by Folkman and co-workers ( 1988). The angiostatic activitv 
ot heparin- and nonanticoagulant heparin fragments was shown to be en- 
hanced by administration of steroids (Crum et at.. 1985: Folkman and 
Ingber. 1987: Ingber et at.. 1986). Their mechanism of action was thought 
to be via induction of plasminogen activator inhibitor (PAI-1 ). thus affect- 
ing the breakdown of basement membrane (Blei et at.. 1993). The efficacy 
of these drugs was increased again by conjugating the two moieties. The 
covalent linking of a nonanticoagulating derivative of heparin (heparin 
, adipic hydrazide) to antiangiogenic steroid (Cortisol) via a labile bond 
generated a drug able to concentrate Cortisol inside the vascular endothe- 
lium. The heparin moiety was able to target to the sulfated polvanion 
receptor on the cell surface, followed by endocytosis and release of Cortisol 
inside the cell. The antiproliferative effect of these conjugates was far 
greater than that of Cortisol and heparin administered in their unconjugated 
form (Thorpe et at.. 1993). The drugs were also shown to reduce vasculari- 
zation of subcutaneous sponge implants and retard the growth of subcuta- 
neous Lewis lung carcinoma by 65% (Thorpe et at., 1993). 



7. Platelet Factor 4 



The platelet a-granule protein PF4 was shown to inhibit angiogenesis 
(Taylor and Folkman. 1982). as was recombinant human PF4 (Maione et 
at.. 1990), and the CAM assay. Furthermore. PF4 completely suppressed 
the growth factor-dependent proliferation of human umbilical vein endo- 
thelial cells in culture (Maione et at., 1990). Analysis of small peptides of 
the molecule suggests that the angiostatic activity was associated with 
the hepann-binding domain of the molecule, and addition of heparin in 
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experimental ,mplants abrogated the effects of PF4. Platelet factor 4 has 
a so been shown to have collagena.se inhibitor activity « Hiti-Harper ,t al.. 



S. Linomide 

When given systemicaily to mice, linomide reduces primarv and secondary 
tumor growth and metastasis of murine BI6 melanoma cells (Kailard 
1986: Harming and Szalay. 1988: Passanti et aL. 1992; Vukanovic et al 
1993). The low toxicity of linomide. and its androgen-independent ability 
to inhibit tumor angiogenesis and hence suppress tumor srowth. make it 
a putative clinically useful drug. Currently, its -long-term effects are under 
investigation. 

9. Placental RNase Inhibitors 

Although RNase inhibitors are currently not feasible clinical reagents, 
as a result of their rapid clearance, they have significant antiangio~eenic 
activities in vitro. It may be- possible to conjugate these reaaents with a 
protective protein to render them clinically usefuL Placental RNasin binds 
to angiogenin hundreds of times more efficiently than it does to other 
nbonucleases (Fox and Riordan. 1990). suggestms a possible mechanism 
ot action of this class of reagent. Studies using the corneal model and the 
subcutaneous implantation model demonstrate reduction of FGF- and 
orthovanadate-enhanced angiogenesis (Shapiro and Vallee 1987- Pola- 
kowski et a/.. 1993). RNasin prevented tumor growth of C155 mammarv 
tumor ceils. Furthermore, its antitumorigenic activity correlated with its 
erfect on tumor-induced angiogenesis, suggesting that the ability of RNasin 
to inhibit tumor growth was due to its ability to inhibit angiogenesis (Pola- 
kowski et aL, 1993). 

10. Hyaluronic Acid 

Although hyaluronic acid (HA) fragments can be angiogenic, high molecu- 
lar weight hyaluronic acid inhibits the vascularization of chick embryo 
limb bud (Feinberg and Beebe, 1983). and conversely the differentiation 
and vascular ingrowth are associated with an increase in tissue hyaluroni- 
dase activuy (Toole, 1976; Belsky and Toole, 1983). Also, it has been 
shown that hyaluronic acid can reduce the rate of development of granula- 
tion tissue and newly formed capillaries around subcutaneous implants 
(Balazs and Darykiewicz, 1975). Studies by West and co-workers (1985) 
showed that the removal of HA may not only represent the removal of 
an inhibitor of angiogenesis, but that the degradative products of HA may 
be angiogenic. 
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11. Inhibitors of Oligosaccharide Processing 

In ;i study of oligosaccharide processing, inhibitors of capiilarv formation 
in the hbronect.n-induced model of capiilarv formation showed that the 
synthesis ot hybrid-type oligosaccharides is required for capiilarv forma- 
tion m vino. During this process there is an increase in the svnthesis of 
monos.alated and fucosialated glycans on asparadne-linked oligosaccha- 
rides (Nguyen et at.. 1992). This observation mav explain the mechanism 
whereby angiogenesis has been inhibited by antibodies directed against 
sialyl-Lewis-X and sialyl-Lewis-A (Lowe et al.. 1990: Phillips et al ~1990- 
Walz et al.. 1990), 



12. Tumor Suppressor Genes 

Modulation of angiogenesis has been a possible function propounded for 
tumor suppressor genes (Bouckw a/.. 1986: Sager. 1986). Demonstration 
that the expression of a 148-kDa protein in the culture medium of BHK 1 1 / 
c 1 1 j (baby hamster kidney ) cells was related to an active tumor suppressor 
gene, and that this protein inhibited angiogenesis in the corneal assav 
supports this idea (Rastinejad et al., 1989). The function of this gene 'is 
clearly not specific to hamster, as it can be complemented bv chromosome 
I from normal human fibroblasts (Stoler and Bouck. 1985). The identity 
ot the inhibitor is as yet unknown. Antibodies to the protein show no 
cross-reactivity to known antigens of this size. Weak cross-reactivity to 
collagen type IV was observed. However, the BHK inhibitor did not show 
the expected sensitivity to collagenase. 

13. Thrombospondin 

Good and co-workers were the first to identify thrombospondin (TSP) as 
being an inhibitor of angiogenesis (1990) when the amino acid sequence 
of an antiangiogenic tumor suppressor gene (Rastinejad et al 1989) was 
found to be similar to thrombospondin. Further studies showed that puri- 
fied human TSP, isolated from platelets, was able to block neovasculariza- 
tion in the rat corneal model, and inhibits chemotaxis of capiilarv endothe- 
lial cells toward angiogenic factors (Good et al., 1990). Its role as an 
angiogenic inhibitor was further supported bv the elegant studies of O'Shea 
and Dixit (1988). who showed the presence of TSP to be adjacent to 
mature quiescent vessels, but absent from actively growing sprouts This 
relationship was subsequently demonstrated in vitro ( Iruela-Arispe et al 
1991). In addition, the role of TSP as an angiogenic inhibitor is further 
supported by the inability of endothelial cells in fast-growing hemangiomas 
to make TSP (Sage and Bernstein. 1982). and the ability of antibodies to 
ii>F tomcrease angiogenesis in vitro (Iruela-Arispe et al., 1991). Throm- 
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bospondin mRNA has been shown to be downregulated in endothelial 
cells forming tubes in culture (Canneld et aL. 1986). 

The mechanism of action of TSP is unclear, but is postulated to be 
related to modulation of adhesion interaction and growth because TSP can 
mediate cell-ceil interactions, and may also play a role in cell-substrate 
interactions. For endothelial cells TSP can be deadhesive. When endothe- 
lialcells are spread on other substrates the focal contacts can be broken 
by exposure ro soluble TSP (Murphy-Ullrich and Hook. 1989: Murphy- 
Ullrich et al.. 1991). Thrombuspondin has also been shown to inhibit 
endothelial cell growth (Bagavandoss and Wiiks. 1990: Tarabolett et al.. 
1990: Murphy-Ullrich et aL. 1992). Further studies showed that both 
the NH : -terminaIly truncated TSP. and a series of peptides from the 
procollagen-like region of the molecule, also blocked angiogenesis (Tolsma 
et aL. 1993). In more recent studies. TSP-containing fibrin and collagen 
matrices were able to promote angiogenesis in rat aortic explants on 
Matrigel (Nicosia and Tuszynski. 1994). These investigators showed that 
TSP directly stimulated the growth of aortic culture-derived myofi- 
broblasts, which in turn promoted microvessel formation when cocultured 
with the aortic explants. This result is inconsistent with the interpretation 
of the in vivo studies, which show matrix-bound TSP in mature vessels, 
and report its absence in actively growing sprouts (O'Shea and Dixit. 
1988). * 

14. Estrogen Metabolites 

The endogenous estrogen metabolite 2-methoxyestradioI inhibits angio- 
genesis and suppresses tumor growth (Fotsis et aL. 1994). This derivative 
is shown to inhibit cell proliferation and migration, and angiogenesis in 
vitro. It has also been shown to inhibit neovascularization and tumor 
growth in mice. This is the first steroid derivative to be active without 
heparin or sulfated cyclodextrins, indicating a different mechanism of 
action. 2-Methoxyestradiol has negligible interaction with the estrogen 
receptor (MacClusky et aL, 1983). Although its mechanism of action is not 
fully understood, it has been shown to induce urokinase-type plasminogen 
activator, suggesting that modulation of endothelial cell proteolysis may 
be responsible, in part, for the inhibitory action of this compound (Fotsis 
et aL. 1993; 1994)7 

15. Genistein 

Genistein was isolated from the urine of vegetarians, and was shown to 
inhibit angiogenesis and cell proliferation (Fotsis et aL. 1993; Schweigerer 
et al. t 1992). This reagent was also shown to inhibit the production of 
plasminogen activator and plasminogen activator inhibitor in vascular 
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endothelial cells, suggesting a role in matrix metabolism. Genistein precur- 
sors are present in soy products, and its role as an angiouenic inhibitor 
correlates with the epidemiological data showing cultures consuminc high 
soy diets (traditional Japanese) having a lower incidence of vascular tu- 
mors (Setcheil and Adlercreutz. 1988: Adlercreutz et aL 1991- Muir et 
■«/.. 1987). 

16. Synergism between Polysaccharides and Estrogen 

Sulfated polysaccharide-peptidoglycan complex, isolated from Athro- 
bacter. inhibited embryonic and tumor-induced angiogenesis and the 
growth of solid tumors (Inoue et aL, 1988). More recently, this reagent 
has been shown to synergize with Tamofexin and a-estrogen. and to 
reduce angiogenesis to a greater extent (Tanaku et aL, 1991K 

17. Angiostatin 

The observation that some tumor masses were able to suppress tumor 
growth has recently led to the isolation of a 38-kDa inhibitor of angiogen- 
esis. named angiostatin (O'Reilly et aL, 1994). This molecule is able to 
specifically inhibit endothelial cell proliferation, inhibit neovasculariza- 
tion, and the growth of metastases. Angiostatin shares considerable homol- 
ogy to an internal fragment of plasminogen, which corresponds to the first 
four Kringie regions of the molecule (Lerch et aL, 1990). The mechanism 
ot its action is not yet known. It is interesting to note that angiostatin shares 
structural homology to hepatocyte growth factor (HGF).~a glycoprotein 
suggested to act as a paracrine mediator of angiogenesis (Grant et aL, 
1993). This raises the intriguing possibility that angiostatin could compete 
with HGF for its receptor, c-met (Tsarfaty et aL, 1992). 



IV. Concluding Remarks 

The aim of further research must surely be to devise a more satisfactory 
regime of treatment to enhance angiogenesis where it would be beneficial, 
such as in wound healing, and to abrogate the process in solid tumors, 
where clearly their progress is dependent on the maintenance of a compe- 
tent- vascular supply. 

Therapeutic modulation of angiogenesis is shown to be more effective 
through regimes that combine effective agents. To allow a more relevant 
evaluation of reagents with potential angiogenic responses it will be im- 
portant to develop more sophisticated in vitro models that more closely 
parallel the in vivo situation. Searching for a single gene that determines 
this complex process is perhaps a simplistic and naive approach. It seems 
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more likely thai greater advances are to be made in understanding the 
factors that influence those common molecules that we know are altered 
during angiogenesis. Understanding the factors that alter the extracellular 
milieu and alter gene expression during early events in angiogenesis will 
greatly assist the development of clinical regimes that modulate angio- 
genesis. 
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CHAPTER 



ROLE OF CYTOKINES 
IN ENDOTHELIAL CELL FUNCTIONS 



March S. LiMin, Jennifer R. Gamble, and Mathew A. Vadas 



▼ ascular endothelium, consisting of the cells and the 
extracellular matrices (ECM) that line the blood vessels, 
displays two characteristic properties: (a) endothelial re- 
newal and angiogenesis, and (b) interactions with blood 
molecules and leukocytes. The turnover of endothelial 
cells (ECs) in most adult tissues is exceedingly slow, 
varying from just under 100 days in lung, liver, and mes- 
entery to 1,000 days in brain, but replication periods 
may shorten 20 to 2,000 times during wound healing, 
inflammation, and malignancy, and are even faster in 
uteroplacental tissue and embryogenesis (1,2). Estab- 
lished endothelium regulates the blood coagulation sys- 
tem (3), the lumenal diameter of its vessel (4), attachment 
of leukocytes to its surface and their migration into in- 
terstitium (5), and antigen presentation to lymphocytes 
(6). 

Each of the endothelial functions described is coordi- 
nated by cytokines. These soluble, small molecular 
weight proteins are directed at ECs and their neighbors 
from adjoining mast cells, T cells, and macrophages, from 
other ECs, and from distant sites upstream in the circula- 
tion. Many cytokines possess binding sites on the ECM or 
"endothelial surface, which prevent them from being 
washed away in the axial blood stream, potentially creat- 
ing an important periendothelial cytokine reservoir (7,8). 
We discuss the cytokines involved in EC proliferation and 
interactions with the blood, with an emphasis on their 
contribution to pathophysiological mechanisms. 



RENEWAL AND ANGIOGENESIS 



Endothelial renewal entails EC multiplication and migra- 
tion (9,10). However, in addition to local EC division, 
there may be a role in vivo for a circulating pool of EC 
precursors, the existence of which has been implied by 
the finding of ECs in the bloodstream (11). 

Angiogenesis, in contrast, summarizes a myriad of ac- 
tivities leading to the formation of an entire new blood 
vessel. It may be divided into component stages, using 
models such as cultured ECs on a three-dimensional (3D) 
gel or the growth of vessels on cornea or chorioallantoic 
membrane. New capillaries begin the process by sprout- 
ing from venules as ECs move in response to a migratory 
stimulus through basement membrane that has been lo- 
cally degraded. The motile ECs elongate and align to cre- 
ate a solid sprout, which lengthens, canalizes, and joins 
other sprouts to form a loop. Pericytes adjoin the ECs, 
and the mature, stable capillary is formed (12). The place 
of cytokines in each stage may be studied. 

Fibroblast growth factor 



BACKGROUND: Fibroblast growth factor (FGF) 
comprises a family of at least seven heparin binding 
growth factors sharing 35 to 55% amino acid identity. 
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FGF-1 and FGF-2 (acidic and basic FGF) are the best 
characterized iso forms and are the subject of this review, 
in which they are generally viewed synonomously. Each 
is a 154 amino acid polypeptide and together they are 
produced by most cell types, including ECs (13). 

FGF is thought by some to be the principal cytokine 
involved in the in vivo induction of angiogenesis (9,14). . 
It is expressed ubiquitously in normal adult tissues, but a 
paradox is raised in that endothelial proliferation in these 
tissues is generally quiescent, except in the female repro- 
ductive organs and at sites of pathology. This inactivity is 
not accounted for by FGF's lack of a classic signal se- 
quence for secretion, because it is found extracellularly, 
possibly due to a truncated receptor, which serves as a 
secretory carrier (15). A more likely explanation is that 
the cellular responses to FGF are mediated by a receptor 
complex comprising heparin sulfate moieties, rather than 
by a single protein, which is subject to considerable poly- 
morphism (16). 

EFFECTS ON ECS IN VITRO: FGF stimulates pro- 
liferation and migration of cultured ECs (9,14,17), but, in 
addition to promitotic actions, it has several other effects 
that are likely to be important. One of the phenotypic 
hallmarks of migrating ECs is expression of plasminogen 
activator (PA), a central mediator of extracellular proteol- 
ysis. FGF up-regulates the synthesis of PA and collagen- 
ase (17-19). Wounding of an EC monolayer triggers a 
marked, rapid, and sustained increase in expression of a 
specific high-affinity receptor for the urokinase-type PA 
(u-PA) on the surface of migrating cells, the postulated 
role of which is to mediate efficient and spatially re- 
stricted extracellular proteolytic activity by migrating ECs 
(20,21). Increases in u-PA and u-PA receptor are both de- 
pendent on endogenous FGF. 

EC invasiveness and formation of patent capillaries in 
fibrin and collagen gels is stimulated by FGF (22). It in- 
creases expression of the ccv($3 integrin, which correlates 
with an increased ability of microvascular ECs to bind to 
vitronectin, but not to fibronectin-coated surfaces (23). 
There is up-regulated biosynthesis of the colla- 
gen/laminin receptor, the a2pl integrin and the a5- 
chain, which conjugates with pi to form a fibronectin re- 
ceptor. These effects of FGF may provide ECs with an 
enhanced capacity to attach to, or migrate through, both 
their underlying basement membrane and the interstitial 
matrix (24). 

FGF INTRACELLULAR SIGNALING: The signal- 
ing pathway of FGF appears to involve both a membrane 
receptor and a direct nuclear site of action. There are two 
FGF receptors, one of high affinity, which possesses an 
intracellular tyrosine kinase domain (25), and the other 
of low affinity, a heparan sulfate proteoglycan (HSPG) 
(26,27). It appears that binding to cell surface HSPG is a 



prerequisite for high-affinity binding and mitogenic activ- 
ity (16). Studies employing peptide mutants of FGF and 
anti-FGF antibodies to regulate the FGF-receptor inter- 
action suggest that the mitogenic and PA-inducing activi- 
ties of FGF depend on different domains of the FGF 
high-affinity receptor and different intracellular transduc- 
tion pathways (28). Mitogenic activity involves triggering 
of protein kinase C (PKC), whereas plasminogen activa- - 
tion is independent of PKC, but requires a calcium flux 

(29) . 

FGF translocates to and accumulates in the nucleolus 
of ECs, independent of its high affinity receptor binding 

(30) . It appears to stimulate the transcription of ribo- 
somal genes during the transition from G 0 to G L phases of 
the cell cycle, a step closely linked to ribosome assembly 
and cell proliferation (31). Confluent ECs, in contrast to 
growing cells, contain no nuclear FGF (32). A mutant 
FGF lacking a nuclear translocation sequence fails to in- 
duce DNA synthesis and EC proliferation at concentra- 
tions sufficient to give rise to receptor-mediated tyrosine 
phosphorylation and c-fos expression (33). 

A long-lasting interaction between FGF and cultured 
ECs with prolonged activation of PKC has been thought 
by others to be required to induce cell proliferation (34). 
Because high-affinity receptors lead to rapid internaliza- 
tion of FGF, and the low affinity sites mediate a slow in- 
ternalization of FGF (35), the HSPG binding sites may be 
essential for FGF's growth factor activity. 

F G F-HE P ARAN SULFATE PROTEOGLYCAN 
INTERACTIONS: Heparan sulfate proteoglycans 
(HSPGs) are ubiquitous constituents of mammalian cell 
surfaces and most extracellular matrices. EC surface 
heparan sulfates facilitate the interaction of FGF with its 
receptor by concentrating FGF at the cell surface, possi- 
bly through phosphorylation of FGF at its receptor-bind- 
ing domain because this process is associated with in- 
creased receptor affinity (16,36,37). FGF binding to 
HSPGs offers protection against proteolytic degradation 
and creates a reservoir of growth factor in tissues (8,38). 
Degradative enzymes may not be needed to release FGF 
from the heparan sulfates in instances where receptors 
and heparan sulfate-bound FGF are in close proximity 
because dissociation from heparan sulfates occurs rapidly 
enough to allow FGF to bind to unoccupied receptors by 
laws of mass action (36). 

In a model of neuroepithelial embryogenesis that may 
hold clues for the endothelial scenario, Nurcombe and 
colleagues (39) showed that by sequentially binding dif- 
ferent forms of FGF, differentially glycosylated HSPG 
species regulate development. This regulatory mecha- 
nism does not rely on changes in cell surface receptor ex- 
pression or cessation of growth factor production and al- 
lows for rapid changes in cell signaling during 
development (39). 



FGF INHIBITORS: The activities of FGF are limited 
by transforming growth factor-p (TGF-p), interferon-y 
(IFN-y), and platelet factor-4 (PF-4). TGF-fi can be acti- 
vated from its latent, secreted form by plasmin, which is 
activated by FGF. TGF-P then limits the PA-inducing ac- 
tivity of FGF through increased synthesis of PA inhibitor- 
I (PAI-1) and decreased transcription of the u-PA gene 
(18). IFN-y inhibits .EC growth possibly by decreasing 
FGF receptor expression (40). PF-4 blocks the binding of 
FGF to its receptor and therefore inhibits the migration 
and tube formation of bovine capillary ECs in culture 
(41). 

A bacterially derived sulfated polysaccharide inhibits 
the growth and chemotaxis of ECs stimulated by FGF 
possibly by preventing the binding of FGF at both its low 
and high affinity binding sites (42). Chloroquine, a drug 
used to treat malaria and inflammatory diseases, inhibits 
FGF-stimulated EC growth in a dose-dependent fashion 
(43). 



EFFECTS IN VIVO: Antisense oligonucleotides com- 
plementary to FGF messenger RNA (mRNA) illustrate the 
significant role of FGF as an endothelial growth promoter 
in an in vitro environment (44). In vivo experiments con- 
firm that FGF has a critical part in the formation of new 
blood vessels. 

Nanogram amounts of FGF induce angiogenesis in the 
chick embryo chorioallantoic membrane and in the cor- 
nea (45). Nabel and colleagues (46) used a eukaryotic ex- 
pression vector encoding a secreted form of FGF-1 and 
introduced it by direct gene transfer into porcine arteries. 
In this somatic transgenic model, FGF-1 expression in- 
duced intimal thickening and angiogenesis within 21 
days, in comparison with control arteries transfected with 
an Escherichia coli p-galactosidase gene. The neointimal 
ECs appeared to originate from adjacent arterial luminal 
ECs because both were negative for von Willebrand factor 
(46). 

Using rabbit ear excision wounds and introducing var- 
ious cytokines, Pierce and associates (47) showed that 
FGF induces an angiogenic response with a marked in- 
crease in ECs and neo vessels. This effect appears to delay 
wound maturation. In contrast, platelet-derived growth 
factor (PDGF) augments early glycosaminoglycan and 
fibronectin deposition and induces greater amounts of 
collagen, whereas TFG-Pl rapidly enhances collagen syn- 
thesis and maturation. Each agent appears to have com- 
plementary actions (47). 

Villaschi and Nicosia (48) found that addition of puri- 
fied FGF increases both the number and the length of 
microvessels sprouting from the explants in a rat aortic 
injury model and prevents microvessel regression. Neu- 
tralizing anti-FGF antibodies cause a 40% reduction of 
angiogenesis (48). 
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Vascular endothelial growth factor/vascular 
permeability factor 



BACKGROUND AND EC EFFECTS: Vascular en- 
dothelial growth factor (VEGF) and vascular permeability 
factor (VPF) are two terms for an identical 46-kd protein 
related to PDGF and produced by several tumor cells, lu- 
teal cells, renal glomerular visceral epithelial cells, and 
vascular smooth muscle cells (VSMCs) (49—51). It is a se- 
lective and potent EC mitogen both in vitro and in vivo 
(50,52); it has no proliferative activity on VSMCs, fibro- 
blasts, and epithelial cells (49). VEGF is angiogenic in 
vitro, and it causes microvascular ECs grown on 3D colla- 
gen gels to invade the underlying matrix and to form cap- 
illary-like tubules (52). 

VEGF promotes vascular leakage, causes von 
Willebrand factor release, and synergizes with tumor ne- 
crosis factor-a (TNF-a) to promote procoagulant activity 
on ECs (49). In addition, it induces expression of the only 
metalloproteinase that can initiate the degradation of in- 
terstitial collagen types 1 to 111 under normal physiologi- 
cal conditions (53). 

VEGF SIGNALING: Several tyrosine kinase recep- 
tors have been described for VEGF, including fit and flk-1 
(2,54). These receptors are detected only on ECs. Flk-1 in 
particular is found on ECs during embryogenesis; it is es- 
pecially abundant in blood islands of the yolk sac, where 
EC progenitors originate, and on vascular sprouts and 
branching vessels of developing brain, in contrast, flk- 1 
transcripts are drastically reduced in adult brain, in which 
vascular proliferation has ended (2). These findings con- 
trast with the lack of detectable FGF receptors on ECs 
during embryogenesis (55). 

VEGF binds heparin via a nonreceptor binding do- 
main, which strongly potentiates its binding to fit, 
whereas a2-macroglobulin, a major serum protein, inac- 
tivates the receptor binding ability of VEGF (50). Akin to 
FGF, VEGF induces an angiogenic response via a direct 
effect on endothelial cells, and, when acting in concert, 
these two cytokines have a potent synergistic effect on the 
induction of angiogenesis in vitro (52). 

VEGF IN ANGIOGENESIS, MALIGNANCY, 
AND WOUND HEALING: VEGF mRNA is expressed 
in cells surrounding an expanding vasculature in embry- 
onic implantation sites, ovarian follicles, corpus luteum, 
and at sites of repair of endometrial vessels. It predomi- 
nates in tissues that acquire a new capillary network, but 
its binding activity is found on both quiescent and prolif- 
erating ECs. VEGF expression may be hormonally regu- 
lated because it increases with the acquisition of cellular 
steroidogenic activity and varies with the ovarian cycle in 
the endometrium. During the early proliferative phase, it 
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is found in the estrogen-responsive, secretory columnar 
epithelium. Under the influence of progesterone in the - 
secretory phase, when new blood vessel development 
is maximal, VEGF expression shifts to cells of the under- 
lying stroma comprising the functional endometrium 
(56). 

A particular role for VEGF in tumor angiogenesis is ap- 
parent. Expression of VEGF on Chinese hamster ovary 
(CHO) cells confers on them the ability to form tumors in 
nude mice (57). Monoclonal antibodies to VEGF inhibit 
the growth of rhabdomyosarcoma, glioblastoma multi- 
forme, and leiomyosarcoma cell lines in nude mice, but 
they have no effect on the growth rate of these tumor cells 
in vitro, implying a direct effect on reducing the vascular 
density in antibody-treated tumors (57). 

In situ analysis of glioblastoma multiforme brain 
tumor specimens shows that VEGF production is specif- 
ically induced in a subset of glioblastoma cells distin- 
guished by their proximity to necrotic foci. Capillaries ap- 
pear to cluster alongside these VEGF-producing tumor 
cells. VEGF mRNA levels are dramatically responsive to 
their 0 2 milieu, suggesting a mechanism for these find- 
ings. Within a few hours of exposing glioma and muscle 
cell cultures to hypoxia, VEGF mRNA levels increase and 
return to background when a normal 0 2 supply is re- 
stored (58). Comparison of astrocytomas with the more 
malignant glioblastoma, which is characterized by necro- 
sis and vascular proliferation, reveals that more VEGF is 
expressed in the latter. Fit is not expressed in normal 
brain ECs, but it is found in these tumor ECs (59). 

The other activity of VEGF on ECs — increased perme- 
ability — is a characteristic feature of normal wound healing.. 
Persistent microvascular permeability to plasma proteins, 
even after cessation of injury, results in extravasation of fi- 
brinogen, and the resultant fibrin serves as a provisional 
matrix that promotes angiogenesis and scar formation. 
VEGF mRNA levels in keratinocytes at wound edges are 
greatly increased, and they correlate with the permeabil- 
ity of wound tissue vessels (60). 

Hepatocyte growth factor/scatter factor 



Hepatocyte growth factor (HGF) and scatter factor (SF) 
are identical, basic, heparin-binding glycoproteins that 
share 38% amino acid identity with plasminogen (61,62). 
They are produced by fibroblasts and VSMCs. HGF in- 
duces renal epithelial cells to form branching networks of 
' v ules in a collagen matrix (63), whereas SF disperses 
cohesive epithelial colonies and stimulates cell motility 
(64,65). The receptor for HGF/SF is c-met, a transmem- 
brane tyrosine kinase (66), which is expressed and stimu- 
lated by HGF on ECs (67). 

HGF stimulates EC growth and motility in vitro and 
promotes wound repair in EC monolayers. ECs assume a 



dendritic phenotype. HGF does not induce procoagulant 
activity or platelet-activating factor (67), but EC secretion 
of plasminogen activators and urokinase, which are re- 
quired during the early stages of angiogenesis when ECs 
degrade ECM, are induced by SF (68). In a corneal model, 
HGF produced angiogenesis (67). Immunoreactive SF is 
present in a perivascular distribution surrounding sites of 
blood vessel formation in the skin of psoriatic plaques, 
but not in normal skin, in which angiogenesis is not a fea- 
ture (68). 

Transforming growth factor-^ 



TGF-p is unlike other cytokines with proangiogenic ef- 
fects. Some investigators have found that TGF-p induces 
tube formation by ECs in 3D collagen gels without affect- 
ing cell proliferation (69,70), but in other in vitro sys- 
tems, it is a potent inhibitor of EC proliferation, migra- 
tion, tube formation, and protease synthesis (71-75). 
Dramatic increases in collagen and fibronectin synthesis 
and inhibition of matrix-degrading enzyme produc- 
tion (76,77), brought about by TGF-P, may modulate 
its effects on endothelial phenotype and explain dif- 
ferences between various in vitro models (69). In 
vivo TGF-p is angiogenic, although it has been suspected 
that this action is not directly on ECs but rather on other 
cells (e.g., fibroblasts and macrophages, whose many 
products may potentiate the angiogenic response) 
(78,79). 

TGF-p may signal resolution of the angiogenic process 
begun by factors that are principally initiating stimuli, 
such as FGF and VEGF. Wound studies in vivo show that 
FGF produces marked increases in new vessels and per- 
sistence of the provisional ECM, whereas TGF-p acceler- 
ates maturation of the provisional ECM through rapidly 
enhanced collagen synthesis, leading to coverage of 
wound defects with fibrous tissue (47,80). In chorioallan- 
toic membranes, FGF induces primarily small blood ves- 
sels, whereas the vessels formed in response to TGF-p are 
large and bear intercellular junctional complexes (70,79). 
TGF-p 1 also promotes the differentiation of ECs into 
VSMCs in vitro (81) and stimulates intimal VSMCs to 
synthesize increased amounts of lipoprotein-binding pro- 
teoglycans (82). 

TGF-p is secreted constitutively by ECs as a high mo- 
lecular weight inactive complex, with a latency-associated 
peptide and a latent TGF-p binding protein. Activation of 
latent TGF-p occurs in cocultures of ECs with VSMCs or 
pericytes and is thought to be at least in part mediated by 
plasmin cleavage of the aminoterminal propeptide. This 
process is facilitated by FGF, which increases plasmino- 
gen activator activity (18,72). Thus, the presence and ef- 
fectiveness of TGF-P are determined by proximal cell 
types and the ability to activate the latent form. 
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Hematopoietic colony -stimulating factors 



The colony-stimulating factors (CSFs) are characterized 
by their profound effects on the proliferation of blood cell 
precursors. ECs and hematopoietic cells share surface 
markers such as PECAM-1 (83,84), CD34 (85,86), CD36 
(87), and CD45 (88), and they closely interact in the bone 
marrow, suggesting the common ancestry of their lin- 
eages and the possible effectiveness of the CSFs upon the 
former. 

Granulocyte and granulocyte-macrophage CSFs (G- 
CSF, GM-CSF) have been shown to induce human ECs to 
migrate and proliferate, without altering their hemostatic 
or inflammatory phenotypes. In comparison to FGF, in- 
duction of migration was of a similar order of magnitude, 
although the extent of proliferation was less (89,90). In 
the corneal model, G-CSF induced neovascularization. 
An inability to repeat these results, however (91), and in 
particular the lack of demonstrable receptors for GM-CSF 
on human umbilical vein ECs (HUVECs) by binding anal- 
ysis, surface expression, and receptor mRNA analysis 
(92,93), leave the significance of the original observations 
unclear. 

In the last year, it has emerged that resting HUVECs 
express mRNA for the a- and P-chains of the interleukin- 
3 (IL-3) receptor (90,91,94). This receptor is functional 
in mediating IL-3 stimulation of HUVEC DNA synthesis 
and proliferation (92). Furthermore, use of recombinant 
human IL-3 and GM-CSF after high-dose cancer chemo- 
therapy is associated with expansion of the vascular net- 
work of the bone marrow and an increase in the propor- 
tion of CD34-expressing ECs (95). Erythropoietin is also 
reported to possess mitogenic and chemo tactic activity on 
ECs (96). 

Other cytokines affecting EC renewal 
and angiogenesis 



ONCOSTATIN M: Oncostatin M is a glycoprotein of 
196 amino acids produced by activated T ceils that inhibits 
the growth of several human tumor cell lines. It also inhib- 
its the growth of normal bovine aortic ECs, while stimulat- 
ing the growth of a number of fibroblast cell lines (97). 

INTERLEUKIN-4 : IL-4 is a potent EC mitogen (98), 
and it also stimulates the expression of u-PA (99), sug- 
gesting that it has a role in angiogenesis. Both these effects 
of IL-4 occur preferentially in microvascular, rather than 
in macrovascular, endothelium. 

INTERLEUKIN-8: IL-8 has been reported to stimu- 
late the chemotaxis of HUVECs with effects comparable 
to FGF. TNF-a or IL-8 antibodies reduce the chemotactic 
response for HUVECs to conditioned media from lipo- 



polysaccharide-stimulated peripheral blood monocytes or 
synovial tissue macrophages. Antisense RNA oligonucle- 
otide to IL-8 blocks the production of angiogenic activity < 
by monocytes. IL-8 binds to heparin, as do the well char- 
acterized angiogenic factors, such as FGF and VEGF 
(100). 

EPIDERMAL GROWTH FACTOR: Epidermal 
growth factor (EGF) is a mitogenic polypeptide that ac- 
celerates angiogenesis (101).. EGF and EGF receptor im- 
munoreactivity is present at the cytoplasmic interdigita- 
tions between ECs and pericytes in the angiogenic 
immature capillaries of human granulation tissue, but it is 
absent in mature capillaries (102). 

PLATELET-DERIVED GROWTH FACTOR: 
PDGF is a mitogen and a chemotaxin for VSMCs and fi- 
broblasts (103), and it has roles in wound healing and an- 
giogenesis (47,104,105). It stimulates fibroblasts to syn- 
thesize collagen and collagenase, which leads to 
modification of the ECM; it is also a potent vasoconstric- 
tor (101). PDGF is stored in platelet a-granules, ECs, 
VSMCs, and macrophages, in particular those in newly 
formed atherosclerotic plaques (101,106). Two receptors, 
a and (3, are ligand-activated tyrosine kinases (107). IL-1, 
TNF-a, lipopolysaccharide, and blood flow induce accu- 
mulation of PDGF mRNA in ECs, whereas IFN-y and ni- 
tric oxide have the opposite effect (108,109). 

INSULIN-LIKE GROWTH FACTOR: Insulin-like 
growth, factor- 1 is secreted by ECs from their basal 
abluminal surface. It supports VSMC and fibroblast 
growth in vitro (110,111). 

INTE RLEUKIN- 1 : IL-1 inhibits the proliferation of 
ECs in vitro, particularly when combined with FGF 
(1 12). It promotes growth of VSMCs and fibroblasts, pos- 
sibly via increased PDGF release (106). 

ENDOTHELIN- 1 : Endothelin-1 (ET-1) is a 21 amino 
acid peptide released from the endothelium. It elicits a va- 
riety of biological effects that include VSMC contraction 
and proliferation (113). ET-1 production by ECs is aug- 
mented by thrombin, G-CSF, TGF-p, and IL-1 (114-1 16). 
Fluid shear stress induces rapid and significant down-reg- 
ulation of ET-1 mRNA and peptide release (117). 

Summary of the pathophysiological effects 
of endothelial mitogens 



Knowledge of the actions, structures, and encoding genes 
of the endothelial mitogenic factors has been applied to 
pathophysiology, and examples of the in vivo relevance of 
each cytokine have been given. A range of studies, includ- 
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ing those of cytokine or cytokine-induced mediator ex- 
pression in pathological specimens and those of direct 
addition of a cytokine (e.g., by gene transfection) or its 
withdrawal (e.g., by antisense oligonucleotide), permit 
increasing levels of confidence with regard to conclusions 
of causality. 

The descriptive method, which is more suited to 
human samples, is exemplified by work on VEGF expres- 
sion in the uterus (56) and the role of angiogenic factors 
in rheumatoid arthritis. Synovial pannus tissue in rheu- 
matoid arthritic joints is invasive and destructive of adja- 
cent cartilage and bone. Us formation is accompanied by 
ingrowth of new vascular networks, and the level of an- 
giogenic activity correlates with infiltration of inflam- 
matory cells, synovial hyperplasia, and clinical score 
(118,119). FGF expression has been shown in ECs of the 
rheumatoid pannus and in streptococcal-induced arthritis 
in rats (120,121). EGF and PDGF localization is also as- 
sociated with areas of new vessel growth (122). Agents 
effective in the therapy of rheumatoid arthritis inhibit EC 
proliferation (123,124). 

A study of injured rat aorta implicates FGF more con- 
clusively in endothelial cell responses, but its application 
in human disease has not been established. Immunohisto- 
chemical staining of rat aorta shows FGF in the cytoplasm 
of endothelial and smooth muscle cells. Endogenous FGF 
is demonstrable by Western blot analysis in aorta-condi- 
tioned medium after ring dissection. Neutralizing anti- 
FGF antibodies inhibit the increased numbers and length 
of sprouting microvessels provoked by injury, suggesting 
that the FGF present is functional. Purified FGF increases 
both the number and the length of microvessels sprouting 
from the explants, particularly late after the injury, when 
release of endogenous FGF is minimal. FGF release by 
vascular cells thus appears to have a role in the autoregu- 
lation of angiogenesis after vascular injury (48). 

Surgical interventions, such as bypass grafting, athe- 
rectomy, or endarterectomy, involve similar vascular in- 
jury, but they are also often complicated by intimal hyper- 
plasia of VSMCs. The increased rate of migration and 
turnover of VSMCs in response to injury is dependent on 
the presence of dividing ECs. VSMC proliferation is max- 
imal when the ECs are proliferating. When the ECs stabi- 
lize and cover the lumenal surface, VSMC proliferation 
slows. The relationship of this phenomenon to EC-de- 
rived FGF or PDGF is not clear (125), although the fail- 
ure of confluent ECs to localize FGF to their nuclei is in- 
teresting (32). TGF-p also decreases VSMC proliferation 
(72). This effect may explain why VSMC proliferation 
slows when ECs cover an injury. 

A recent innovation of in vitro assays — coculturing 
ECs with their supporting stromal cells to parallel the in 
vivo situation — provides another demonstration of inter- 
actions between ECs with their neighboring pericytes or 
VSMCs. Pericytes grown in coculture with ECs inhibit EC 



proliferation (126), on the basis of the ability of 
cocultures but not homocellular cultures to produce acti- 
vated TGF-P (72). Angiogenesis in the fetal retina ceases 
as mural pericytes appear, and pathological neovasculari- 
zation in diabetic retinopathy is associated with loss of 
pericytes (127). 

EC cocultures with keratinocytes shed light on the 
common dermatological disease psoriasis, which is char- 
acterized by hyperproliferation of keratinocytes and 
abnormally extensive dermal' capillary networks. Keratin- 
ocytes produce TGF-a, which in an autocrine manner 
leads to their hyperproliferation. TGF-a also stimulates 
human omental microvascular ECs in type I collagen gels 
to form tubular-like structures. When keratinocytes are 
cocultured with omental ECs, tubular-like EC structures 
appear in collagen gels, which are inhibitable by anti- 
TGF-ct antibodies (128). It thus appears that TGF-a acts 
in an autocrine fashion on keratinocytes and in a para- 
crine manner on ECs, therefore appearing to facilitate the 
neovascularization required to allow for the increased 
surface keratinocyte population. 

Angiogenesis appears to be closely related to malig- 
nancy (129). Angiogenic agents have been isolated from 
tumors, and neovascularization is present in most malig- 
nancies at the time of their detection, thus appearing to be 
directly related to malignant grade and prognosis. The 
malignant progression of melanoma from normal skin to 
dysplastic melanocytic nevus, to cutaneous malignant 
melanoma, and finally to metastatic malignant melanoma 
is associated with increasing vascularity (130). Horak and 
associates (131) showed that the number of microvessels 
» in primary breast cancers is directly correlated with 
pathological indicators of an increasingly poor prognosis. 
The association of VEGF with rhabdomyosarcoma, glio- 
blastoma multiforme, and leiomyosarcoma is an example 
of the role of cytokine-induced angiogenesis in malig- 
nancy (57). Tumor-cell hypoxia is believed to stimulate 
production of VEGF. In acquired immunodeficiency syn- 
drome-related Kaposi's sarcoma, the malignant cells also 
express cytokines with autocrine and paracrine growth 
effects, which foster growth of this vascular tumor (132- 
134). Coculture of ECs with human glioblastoma cells 
demonstrates how angiogenic cytokines may be working. 
In contact with glioma cells, ECs form tubes, an in vitro 
surrogate for capillaries. Only glioma-cell lines that pos- 
sess high levels of FGF mRNA induce such tube forma- 
tion, and this process can be blocked by coadministration 
of anti-FGF antibody (135). 

Because EC renewal and angiogenesis are key events in 
important pathological processes such as wound healing, 
inflammation, and malignancy, but are not a feature of 
normal tissues except in the female reproductive system, 
attempts to define angiogenic inhibitors have been in 
progress. Physiological inhibitors of angiogenesis are 
present in bipod and urine, and they include Cortisol me- 
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tabohtes that lack glucocorticoid and mineralocorticoid 
activities (136) These metabolites may act by increasing 
the synthesis of PAI-1 (137). Heparin potentiates their ac 
tion, and it is believed to function by virtue of its high 
affinity for angiogenic factors, such as FGF and VEGF 
(138). 

IFN-cc has been used successfully in pulmonary 
hemangiomatosis with an associated decrease in the den- 
sity of abnormal vessels (139). Derivatives of Aspergillus 
fumigatus products are effective inhibitors of angiogenesis 
in vitro, as well as in tumors and collagen-induced arthri- 
tis in rats, with minimal toxicity (140,141). A number of 
other compounds inhibit angiogenesis in vitro, including 
antiestrogens (142), cyclosporin (143), ribonuclease in- 
hibitors (144), protein kinase inhibitors (145) and cal- 
cium channel blockers (146). In vitro experimentation 
has shown that changes in the constitution of ECM or 
monoclonal antibodies directed to 01 and (33 integrins, 
which mediate EC-matrix interactions, can.alter the type 
and number of capillary tubes formed (147,148). This 
finding offers prospects for the development of targeted 
inhibitors of angiogenesis. 



ENDOTHELIAL CELL 
INTERACTIONS WITH BLOOD 
MOLECULES AND LEUKOCYTES 



In this section, the roles of cytokines acting on or pro- 
duced by endothelia, which affect its relationship with the 
elements of blood, are considered. It appears that specific, 
separate mechanisms exist that deal with.the arrest of mo- 
bile leukocytes, their secure attachment to the endothelial 
surface, and finally their passage between surface ECs 
into the interstitium. These inflammatory processes and 
others leading to thrombosis or immune recognition are 
controlled by specific cytokines with both facilitatory and 
inhibitory actions. 

Tumor necrosis factor-a and interleukin-1 



TNF-a and IL-1 are proinflammatory cytokines with ef- 
fects on multiple biological systems. Both act on ECs 
most often with a similar outcome; thus, they are consid- 
ered together, but mention will be made of each individu- 
ally when their effects differ. 

IL-1 is a 17-kd peptide with two biologically active 
forms, IL-la and IL-lB (149). TNF-a is a trimer of three 
17-kd subunits. Its main source is the monocyte-macro- 
phage when it is stimulated by lipopolysaccharide (LPS) 
IL-1, IFN-cc, IFN-y, OR GM-CSF (150). The mast cell may 
be another important source of TNF-a in vivo (151). Pe- 
ripheral blood lymphocytes, natural killer (NK) cells, and 



polymorphs produce a relatively small amount of TNF-a 
(150). VSMCs adjacent to the endothelium express TNF- 
oc mRNA and protein on exposure to inflammatory sig- 
nals, and this process is superinduced by protein synthe- 
sis inhibitors (152). Sources of IL-1 are extensive and 
include blood monocytes, neutrophils, T and B lympho- 
cytes, tissue macrophages, VSMCs, and ECs. The most 
common stimulus for IL-1 transcription is endotoxin 
(149). 

In general, TNF-a promotes selective cytotoxicity and 
catabolism. There are changes in ECM through induction 
of collagenases, which lead to bone resorption, and of 
plasminogen activator, which leads to angiogenesis (153) 
On blood cells, TNF-a and IL-1 have a proinflammatory 
effect. Neutrophils and monocytes gain an increased ca- 
pacity for phagocytosis, antibody-dependent cellular cy- 
totoxicity, degranulation, and production of reactive oxy- 
gen species. T cells express more IL-2 receptor and major 
histocompatibility complex (MHC) class II antigens 
They achieve a greater proliferative potential in synergy 
with IL-2, and they produce more IFN-y. B cells also aug- 
ment their proliferation, differentiation, and production 
of antibodies (149,150). The general proinflammatory ef- 
fects of these cytokines, however, also depend on their 
endothelial functions, as well as on these leukocyte 
changes. 

COAGULATION: TNF-a and IL-1 regulate the coag- 
ulation system through actions on the endothelium. Pro- 
coagulant activity of ECs is induced (3,154). The produc- 
tion of thrombomodulin, a surface glycoprotein on ECs 
that controls intravascular coagulation cascades through 
interactions with proteins C and S, is suppressed 
(154,155). Arachidonate metabolism is activated; in par- 
ticular, prostacyclin synthesis in cultured vascular ECs is 
induced (156). TNF-a induces expression of an EC plas- 
minogen activator inhibitor (157-159). Effects on plas- 
minogen activator are recognized, but both increases and 
decreases have been reported (153,157). In patients 
treated with recombinant human TNF-a in a Phase I can- 
cer trial, induction of endothelial-derived tissue-type 
plasminogen activator, recognized by the presence of fi- 
brin degradation products in plasma, occurred within one 
hour of the initiation of TNF-a (160). 

The surface of TNF-a-activated ECs elicits a hemo- 
static response when exposed to flowing nonanticoagu- 
lated blood. Tissue factor is expressed, and deposition of 
fibrin, platelet aggregates, and leukocytes follows; in an 
experimental model, 63% of the EC surface became cov- 
ered. Resting ECs, in contrast, show no or little fibrin, 
platelet, and leukocyte deposition. The addition of anti- 
bodies against tissue factor to TNF-a-activated ECs abro- 
gates fibrin and platelet deposition, but it allows leuko- 
cyte adherence to occur to the same extent. Thus, the 
endothelial effects of TNF-a on hemostasis and leukocyte 
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capture involve related but dissociated mechanisms 
(161). 

ADHESION: TNF-a and 1L-1 increase the adhesive- 
ness of endothelium for bloodstream leukocytes by an 
EC-specific mechanism (162). They also modulate the in- 
teractions between adjoining ECs. This process involves 
induction, up-regulated expression, or activation of mol- 
ecules on the endothelial surface, which interact with 
ligands on leukocytes and ECs. The main groups of such 
regulated adhesins are the selectins, the L-selectin 
ligands, the immunoglobulin superfamily, and the in- 
tegrins. 

Selectins: E-selectin (ES; ELAM-1) and P-selectin (PS; 
GMP-140; CD62) are endothelial, lectin-bearing glyco- 
proteins that mediate the initial contacts between leuko- 
cyte and endothelium as leukocytes move away from the 
axial bloodstream and roll over the endothelial surface, 
prior to their firm attachment (163-165). Their leukocyte 
ligands are sialylated, fucosylated oligosaccharides (166). 

ES is found in low to undetectable quantities on resting 
ECs in vitro and in vivo. Both IL-1 and TNF-cx induce ES 
mRNA and protein synthesis. Surface expression in vitro 
reaches a maximal level at 4 hours, after which it declines 
to background by 24 hours, despite the continued pres- 
ence of the agonists (167-170). Mast-cell degranulation 
leads to the display of ES on adjacent ECs in vivo. Antise- 
rum to TNF-ct abrogates this potentially important path- 
way of induction (151). Surface ES is lost by internaliza- 
tion and external release, processes not known to be 
controlled by cytokines (171). The rate of internalization 
of ES is comparatively higher than that of intercellular ad- 
hesion molecule (ICAM)-l; therefore, its pro-adhesive ef- 
fects may be relatively acute (1.7% of membrane-bound 
ES/min vs < 0.1% of membrane-bound ICAM-l/minute) 
(172,173). 

PS is expressed in varying levels on resting ECs, which 
maintain a large stock of PS in cytoplasmic granules 
(Weibel-Palade bodies). This store is rapidly transferred 
to the EC membrane in response to histamine and throm- 
bin, but expression is brief, and its functional aspect is 
lost within 30 minutes (174,175). PS is inducible by TNF 
in mouse and bovine ECs at both mRNA and cell surface 
protein levels. The PS protein increase is 2- to 4- fold, and 
it is maximal at 3 to 4 hours (176). 

L-Selectin Ligands: CD34 is a highly glycosylated, 
negatively charged, sialomucin-like transmembrane mol- 
ecule better known for its presence on hematopoietic pro- 
genitor cells, which has recently been recognized as an 
endothelial ligand for L-selectin (LS; LAM-1; LECAM-1), 
the leukocyte adhesion molecule (177,178). It has a 
broad EC distribution, including high endothelial ven- 
ules, but it is absent from most large vessels and placental 
sinuses (178). The function of CD34 is likely to be con- 



trolled by differential vessel-specific glycosylation, as well 
as translocation to and oligomerization at the EC surface. 
Vessel-specific glycosylation may explain why leukocytes 
only adhere to postcapillary venules, even though CD34 
appears to be expressed on capillaries and venules (162). 
TNF-a, IL-1(3, and IFN-y have been reported to decrease 
the expression of CD34 on cultured ECs (179). 

Glycam-1 (or Sgp50) is a 50-kd, mucin-like glycopro- 
tein that also serves as an LS ligand. It is restricted, how- 
ever, to lymph node high endothelial venules, and it is not 
known to be influenced by cytokines (180). Both CD34 
and Glycam-1 were characterized by precipitation with a 
chimeric molecule containing the extracellular domain of 
mouse LS and human immunoglobulin. 

A third endothelial ligand for LS must be proposed on 
the basis of older evidence describing an antigen on 
HUVECs that is optimally induced by TNF-a and IL-1 (3, 
but also to a lesser extent by IFN-y and IL-4 (181). This 
ligand is a neuraminidase-sensitive molecule, which im- 
plies that it bears sialic acid, as do CD34 and Glycam-1. It 
is expressed between 2 and 4 hours after HUVEC stimu- 
lation, and it persists for at least 24 hours (181). Its induc- 
tion by cytokines is thus unlike CD34, and its distribution 
is wider than that known for Glycam-1. 

Soluble LS is shed from the surface of leukocytes after 
their stimulation by cytokines such as TNF-a. Soluble LS 
inhibits LS-specific attachment of lymphocytes to TNF-a- 
activated ECs (182). Fluid-phase PS also inhibits adhe- 
sion of TNF-a-activated neutrophils to resting ECs, 
through inhibition of a CD18-dependent process. The 
control of soluble PS production is not currently under- 
stood (183). 

Immunoglobulin Superfamily Endothelial Ad- 
hesins: Intercellular adhesion molecule- 1 and -2 (ICAM- 
1,2), vascular cell adhesion molecule- 1 (VCAM-1), and 
platelet endothelial cell adhesion molecule- 1 (PECAM-1; 
CD31) are members of the immunoglobulin superfamily. 
1CAM-1, and ICAM-2 and VCAM-1 interact with leuko- 
cyte p2 and pi integrins respectively, to serve a shear- 
resistant adhesion between ECs and leukocytes, which fol- 
lows and stabilizes the rolling attachment initiated by the 
selectins (148). ICAM-1, the ligand for CD 1 la-CD lib/ 
CD 18, is cons tituti very expressed on ECs. TNF-a or IL-1 
increase its expression, with a plateau at 24 to 72 hours 
(169). ICAM-2 is also constitutively expressed on ECs, 
but it is not subject to regulation (184). 

VCAM-1 expression is absent on resting ECs. TNF-a 
or IL-1 induce it within 2 hours (peak, 12-24 hours), and 
levels substantially higher than baseline persist for at least 
72 hours (185,186). There are two isoforms of VCAM-1 
with 6 and 7 Ig-like domains and subtlely different bind- 
ing characteristics (187). The former is expressed earlier 
than the latter, which then becomes the main EC isoform. 
VSMCs are normally devoid of adhesion proteins in vivo, 
and they express only small amounts of VCAM-1 in cul- 
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ture. TNF-Ct and IL-l induce human saphenous vein 
SMCs to express VCAM-1 (Gamble JR, etal., unpublished 
observations). 

PECAM-1 is constitutively expressed in a homoge- 
neous pattern on EC membranes in vivo, but it concen- 
trates predominately at points of cell-to-cell contact, on 
cultured ECs (188,189). It appears to have a role in EC- 
to-EC contacts and in leukocyte transmigration through 
the intercellular junctions of ECs (190). Using tissue 
specimens from breast, skin, stomach, colon, uterine cer- 
vix, endometrium, myometrium, and bronchus incubated 
with TNF-ct for up to 6 hours, as well as a dermal ragweed 
antigen injection model, Ioffreda and colleagues (191) 
showed that TNF-a leads to a redistribution of PECAM-1 
from its original uniform pattern on EC surfaces to one 
localized to areas of contact between adjacent ECs (191). 
Thus, TNF-a-stimulated molecules, ES and PECAM-1, 
may sequentially enhance leukocyte-EC binding in 
postcapillary venules, direct adherent cells to sites most 
conducive to transvascular diapedesis, and lead to trans- 
migration. 

Integrins: ECs express a number of integrins believed 
to function as interendothelial adhesins or as ECM recep- 
tors. TNF-a and IFN-y decrease EC p3 integrins, and they 
induce aipi. The alpl integrin is normally absent from 
HUVECs, but is present on capillary ECs. The laminin re- 
ceptor a6pl is strongly decreased by TNF-a or IL-ip, 
whereas a2pl, a3pl, and a5pl arenot altered. Laminin 
adhesion by ECs is consequently decreased (192). 

MAJOR HISTOCOMPATIBILITY COMPLEX 
GENES: Class I MHC is expressed on ECs, but at a level 
relatively lower than that on macrophages or lympho- 
cytes. This expression is increased 2- to 4- fold over 24 
hours by TNF-a (but not by IL-l) through an increase in 
transcription. There is a synergistic elevation in class 1 an- 
tigen with IFN-y or IFN-J3, without any alteration in TNF 
receptor number due to a multiplicative increase in tran- 
scriptional rate (193,194). Synthesis and expression of 
transporter in antigen processing- 1 (TAP-1), an MHC-en- 
coded gene product that is required for efficient associa- 
tion of intracellular peptide antigen with nascent human 
leukocyte antigen (HLA) class 1 H-chain and P2- 
microglobulin, are increased in human ECs by TNF-a, 
IFN-p, or IFN-y (195). TNF-a does not induce class II 
expression de novo in human ECs (193), and neither 
TNF-a nor IL-l alters MHC on VSMCs (196). TNF-a 
thus allows ECs to present class I-restricted antigens to T 
cells, which may propagate the inflammatory response. 

ENDOTHELIAL PERMEABILITY TO MACRO- 
MOLECULES: The permeability of endothelial surfaces 
to macromolecules such as albumin is an important fea- 
ture of edematous processes. TNF-a, IL-l, and IFN-y in- 
crease EC monolayer permeability to albumin in vitro, 



and this effect is augmented by combining these 
cytokines (197,198). The ECs undergo parallel changes 
in morphology, from cobblestone to elongated cells, with 
formation of prominent intercellular gaps and actin stress 
fibers. There is an accompanying loss of fibronectin and 
remodeling of the ECM (199). ECs from different sites 
show varying susceptibility to this change: HUVECs re- 
quire prolonged exposures of 72 hours, whereas bovine 
ECs demonstrate a change within 1 to 3 hours after expo- 
sure (198,200). 

Endothelial glycosaminoglycans (GAGs) are impor- 
tant in regulating vascular permeability as well as cell in- 
teractions with soluble factors and resistance to thrombo- 
sis. IL-l and TNF-a alter GAG metabolism in cultured 
HUVECs, causing a marked increase in culture superna- 
tant GAGs and a decrease in cell-associated GAGs that is 
detectable after 12 to 48 hours of coincubation. There is a 
concomitant increase in GAG synthesis. Histochemically, 
these changes are associated with marked reduction and 
redistribution of endothelial surface anionic sites. Such 
changes may contribute to the disturbances of vascular 
endothelial homeostasis associated with inflammatory 
states (201). 

LEUKOCYTE TRANSMIGRATION: HUVECs in- 
cubated with TNF-a or IL-l for 4 hours do not display 
morphological changes or increased albumin permeabil- 
ity, but they do show an increase in leukocyte transmigra- 
tion (202). Migration occurs across EC junctions, and it is 
dependent on the ECs being biosynthetically active. Neu- 
trophils are polarized but not degranulated, and there are 
no signs of ECM lysis. Because the number of traversing 
neutrophils is no greater when cytokine stimulation is 
joined by a chemo tactic gradient in some systems, it is 
suggested that both operate through this mechanism 
(203-205). 

Conditioned media of TNF-a- or IL-l-stimulated ECs 
induce transmigration of neutrophils when added to the 
basal EC compartment. IFN-y, IL-2, PDGF, and platelet- 
activating factor (PAF) are unable to mimic this effect. 
Antisera to IL-6, G-CSF, and GM-CSF, all products of 
stimulated ECs, do not diminish the chemotactic activity 
of the conditioned medium. IL-8, a member of the 
chemokine family, is present in this conditioned medium 
(206), and it acts as a chemoattractant for granulocytes. 
Other products of activated ECs, such as macrophage in- 
flammatory protein- 1 (MIP-1) and monocyte chemotactic 
protein- 1 (MCP-1), are selective for lymphocyte and 
monocyte chemotaxis. Adhesion to ECs and transmigra- 
tion through EC monolayers by leukocytes are thus both 
facilitated by TNF-a or IL-l in separate, sequential pro- 
cesses (204). 

EFFECTS ON CYTOKINE PRODUCTION: TNF- 
a and IL-l foster EC production of a number of cytokines 
that often have proinflammatory actions (e.g., IL-l itselQ 
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(106,207), the chemokines (207), and G-CSF and GM- 
CSF (208,209). They mediate the release of PDGF from 
cultured ECs, and they augment 1L-6 secretion (106, 
210-212). IL-1 increases EC production of ET-1 (1 16). 

Synthesis and release of the signaling phospholipid 
PAF is stimulated by TNF-a or IL-1 a treatment of ECs 
(213). Such ECs support adhesion of neutrophils that are 
unactivated and do not adhere to plastic, suggesting that 
PAF may be a proadhesion signal from ECs to neutro- 
phils. Although PAF antagonists inhibit adhesion, the 
time course for adhesion and PAF production are not 
strictly concordant. Acetyl coenzyme A raises PAF levels, 
but it has no effect on adhesion, and although both 1L-Ia 
and IL-lf} stimulate adhesion, only the former results in 
PAF production (214). 

TNF-a also decreases expression of endothelial anti- 
gens. Westphal and associates (215) reported a monoclo- 
nal antibody recognizing a 180-kd molecule expressed on 
the EC luminal surface, which is down-regulated by TNF- 
a and is possibly endoglin, a TGF-p— binding cell surface 
protein. 

EFFECTS ON LIPOPROTEIN METABOLISM: 
TNF-a or IL-1 increase low density lipoprotein (LDL) re- 
ceptor expression on microvascular ECs in culture. There 
is a parallel increase in internalization and degradation of 
LDL (216). Because ECs oxidize LDLs, and because LDLs 
are atherogenic, cytokines produced by adherent mono- 
cytes found in early atherosclerosis may . facilitate this 
pathological process. 

INTRACELLULAR SIGNALING 

TNF-a Receptors: TNF-a acts on cells via two recep- 
tors, p55 and p75, which are partially homologous in 
their extracellular domains, but lack any intracytoplasmic 
similarity. The role of these two moieties is stilL contro- 
versial, and it varies with the analytical method (217). 
ECs possess both receptors (218). Using TNF-a mutants 
with preferential binding to either p55 or p75, Barbara 
and colleagues (219) showed that the p55 receptor is .nec- 
essary for induction of ES, neutrophil transmigration 
across EC monolayers, and EC 1L-8 secretion. The p75 
receptor only facilitates an increase in the potency of TNF 
(219,220). N-terminal amino acids of TNF-a are also crit- 
ical for both receptor binding and biological activity on 
ECs (221). 

POSTRECEPTOR Pathways: TNF-a increases EC mono- 
layer permeability via a G-protein intermediary (200), but 
activators of the stimulatory or inhibitory guanine nucle- 
otide— dependent binding proteins do not affect TNF-a- 
induced surface expression of ES or VCAM-1 (222). 

There is partial evidence of protein kinase C and A 
(PKC, PKA) involvement in the induction of ES expres- 



sion and IL-6 production. PMA and forskolin, both ago- 
nists of these respective protein kinases, can mediate 
these effects, and appropriate kinase inhibitors impede 
them. These kinase inhibitors, however, do not block the 
effects of TNF-a, and other cyclic adenosine monophos- 
phate agonists are not effective (193,222). 

Absence of PKC translocation from cytosol to the 
plasma or nuclear membrane particulate fractions of 
HUVECs after TNF-a exposure, has argued against a sig- 
nificant PKC-mediated pathway for the actions of TNF-a. 
The p-l PKC isozyme, however, becomes activated with- 
out translocation, and it is sufficient for expression of ES 
and VCAM-1. This evidence from Harlan's group (223) 
suggests that PKC may mediate some effects of TNF-a. 
PKC is also strongly implicated in TNF-a induction of tis- 
sue plasminogen activator, because this substance is in- 
terdicted by the PKC inhibitors, H7 and staurosporine, 
and it is stimulated by 4(5 phorbol, 12 myristate, 13 ace- 
tate (PMAs) (153). 

IL-lp-mediated endothelial cell phospholipase A2 ac- 
tivity and prostacyclin synthesis occur via a novel trans- 
ducing pathway that does not involve early activation of 
phospholipase C, phospholipase D, or adenylate cyclase 
(224). 

Activation of Transcription Factors: TNF-a and 
IL-1 signaling on ECs involves activation of the transcrip- 
tion factors AP-1, NF-kappa B (NF-kB), interferon regula- 
tory factor 1, cAMP response element (CRE), and TRE 
(PMA response element) (193,225). This level of the sig- 
naling pathway offers some explanation for the selective 
endothelial induction of ES. Two proximal ES promoter 
elements, in addition to NF-kB, are essential for cytokine 
induction of ES transcription. One of these elements, 
however, is not endothelial-specific, because it can func- 
tion as a T-cell enhancer, as well as cooperate with NF-kB 
to yield cytokine induction of ES gene transcription in 
ECs (226). DNA methylation of the ES promoter re- 
presses NF-kB transactivation in nonendothelial cells, 
and, in comparison, the ES promoter in ECs is un- 
derme thy la ted, suggesting that methylation could have a 
role in cell-type— specific expression of this gene (227). 

The cytokine-responsive regions of the VCAM-1 pro- 
moter are functional NF-kB and GATA elements (228). A 
comparison of the transcriptional control of VCAM-1 in 
muscle and ECs is enlightening. Muscle cells display high 
basal VCAM-1 expression that is not cytokine-inducible; 
a position-specific enhancer overrides other promoter el- 
ements. ECs have octamer binding sites that act as silenc- 
ers, thus dampening VCAM-1 expression in unstimulated 
cells. TNF-a overcomes this inhibition through two adja- 
cent NF-kB sites (229). 

NF-kB induction by IL-1 a, TNF-a, and LPS is inhib- 
ited by I-kappa Ba (IKBa or MAD-3), which sequesters 
NF-kB to the cytoplasm. Cell stimuli, such as TNF-a or 
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PMA, cause rapid degradation of IKBa, thus relieving this 
inhibition and allowing NF-kB to translocate to the nu- 
cleus and transactivate its target genes. Following this 
process, there is a dramatic increase in IKBa mRNA and 
protein synthesis. Expression of IKBa is also inversely 
regulated by NF-kB in a negative-feedback mechanism: 
NF-kB down-regulates its own activity after transient ac- 
tivation of target genes has been achieved (230,231). 

DISEASE ASSOCIATIONS 

Endothelial Damage: Several diseases are associated 
with elevated serum or tissue levels of TNF-a or IL-1, 
such as idiopathic pulmonary fibrosis (232), systemic 
vasculitis (233,234), rheumatoid arthritis (235), psoriasis 
(236), cerebral malaria (237), and sepsis (238). All these 
disorders have some form of vascular pathology. 

" There is ex vivo evidence that supports the role of TNF- 
a and IL-1 in EC injury in Kawasaki's disease (KS). KS 
histopathology shows .panvasculitis with endothelial ne- 
crosis and lg deposition. Sudden death stemming from 
coronary arteritis is well recognized in this condition. 
Circulating antibodies in patients with KS display com- 
plement-dependent cytotoxic activity against IL-1 or 
TNF-a— inducible EC antigens, but not against resting 
ECs (239). 

In vitro models of endothelial injury also suggest that 
these cytokines may bring about EC damage. After IL-1 
activation, for instance, EC monolayers coincubated with 
unstimulated neutrophils show extensive EC detachment 
and loss of monolayer integrity. This process is mimicked 
by neutrophil elastase exposure, and it is prevented by 
serine protease inhibitors or avoidance of direct EC-neu- 
trophil contact (240). 

Adhesion Molecule Expression in Tissues: Exami- 
nation of the tissue expression of adhesion molecules 
confirms their association with inflammatory diseases, 
and it indirectly implies that TNF-a and IL-1 exhibit 
widespread endothelial activity. 

Normal peripheral lymph node and mucosa-associated 
lymphoid endothelium show no VCAM-1, but they do ex- 
hibit 1CAM-1. VCAM-1 is present in follicular centers and 
interfollicular zones. ECs in most other normal tissues ex- 
press little or no VCAM-1, but focal reactivity is seen in 
arterial vasa vasorum, hepatic Kupffer's cells, arid some 
renal tubular epithelial cells (241). ES is absent from nor- 
mal capillaries, but it is found on large vessel and umbili- 
cal vein endothelium (242). 

In acute appendicitis or diverticulitis, strong VCAM-1 
and ES staining is seen in ECs of dilated serosal venules. 
Lymphadenitis (sarcoid or tpxoplasmal) shows focal 
venular VCAM-1, but there is little or no ES. VCAM-1 
staining is stronger and more widespread in cat-scratch 
lymphadenitis, and ES is also present. In most dermato- 



ses, VCAM-1 and ES show venular endothelial expres- 
sion. Vascular pericytes in inflamed skin may also stain 
for VCAM- 1 ; ECs in the same vessel sometimes stain neg- 
ative. This finding is consistent with our in vitro observa- 
tions of the induction of VCAM-1 staining on VSMCs by 
TNF-a or IL-1. 

VCAM-1 is abundant in the synovitis of rheumatoid 
arthritis. It is present in venules associated with chronic 
inflammatory cell infiltrates and also on hyperplastic sy- 
novial lining cells. ES is also present; it varies in intensity 
according to disease activity, and it is localized to ECs. 
The level of expression of both adhesins is far less in the 
synovium of osteoarthritis, a condition with fewer inflam- 
matory features (241,243). Psoriatic arthritis, usually in- 
distinguishable from rheumatoid disease with regard to 
the degree of clinical inflammatory joint findings, also 
shows less EC ES (244). 

VCAM-1 is expressed on venular ECs in cardiac and 
renal allografts, and its presence correlates with T cell in- 
filtrates (245,246). During rejection of human liver trans- 
plants, there is increased expression of ICAM-1 on target 
structures, such as bile ducts and venous endothelium, as 
well as on lymphocytes infiltrating the graft (247). 

Human coronary arteries and abdominal aortas af- 
fected by diffuse intimal thickening and atheromatous 
plaques show a marked increase in expression of ICAM-1, 
ES, and, to a lesser extent, HLA-DR/DP on ECs adjacent 
to subendothelial infiltrates of T lymphocytes and macro- 
phages. This effect contrasts with lower or absent expres- 
sion of these markers at sites without prominent inflam- 
matory cell infiltrates, and it suggests that cytokines 
produced by these subintimal infiltrates may activate the 
endothelium in a manner similar to that observed in the 
microvasculature at sites of immune inflammation (248). 

In Vivo Actions: Subcutaneous injections of TNF-a 
in baboon skin attempt to stimulate the natural release of 
this cytokine in vivo. These experiments show that ES, 
ICAM-1, and VCAM-1 expression are induced at post- 
capillary sites, which concurs with results seen in cul- 
tured ECs. Expression of ES at such sites is evident 2 
hours after injection, and it correlates highly with neu- 
trophilic exudates. ICAM-1 and VCAM-1 are seen 24 
to 48 hours after TNF-a exposure, and they corre- 
late with mononuclear infiltration. Such results sup- 
port the hypothesis that selective adhesion molecule ex- 
pression contributes to selective leukocyte extravasation 
(249,250). 

The tissue injury that accompanies hypoxemia and 
reoxygenation has features of the host response in inflam- 
mation, suggesting that cytokines such as IL-1 may act as 
mediators in this setting. Human ECs subjected to hy- 
poxia elaborate IL-1 activity. There is an increase in the 
level of IL-1 a mRNA, followed by induction of ES and 
enhanced expression of ICAM-1 during reoxygenation. 
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Adherence of leukocytes is increased 3- to 5-fold, and it is 
partly blocked by antibodies to ES and ICAM-1. Suppres- 
sion of endothelial-derived IL-l, using antibodies to 
IL-la, specific, antisense oligonucleotides, or the IL-l re- 
ceptor antagonist, decreases leukocyte adherence to re- 
oxygenated ECs, thus emphasizing the integral role of 1L- 
1 in the adherence phenomenon. 

Mice subjected to hypoxia display increased plasma 
levels of IL-la, induction of IL-la mRNA in lung, and 
enhanced expression of ICAM-1 in pulmonary tissue 
compared with normoxemic control mice. Thus, hypoxia 
is a stimulus that induces EC synthesis and release of IL- 
la, and it may result in an autocrine enhancement of ad- 
hesion molecule expression (251,252). 

Plasmodium jafcipa rum-infected erythrocytes isolated 
from a patient with severe complicated malaria bound to 
TNF-a-treated human vascular ECs via ES, ICAM-1, and 
VCAM-1. Attachment of infected erythrocytes to blood 
vessel walls is understood to be the primary step in the 
vascular occlusion underlying this disease, in which 
serum TNF-a levels are characteristically high. ES and 
VCAM-1 are expressed on brain microvascular endothe- 
lium of postmortem brain tissue from patients dying of 
cerebral malaria (253). 

A role for IL-l and ECs in the neuronal mechanisms 
related to P-amyloid protein deposition in senile plaques 
in patients with Alzheimer's disease is suspected. The pro- 
tein precursor of p-amyloid is expressed on ECs in senile 
plaques. Its mRNA in human endothelial, neuronal, and 
brain-derived murine ECs increases when these cells are 
exposed to IL-ip (254). 

Pancreatic carcinoma cells are among a group of neo- 
plastic cells that express the ES ligand, sialyl Lewis (a). 
Their attachment to activated ECs is thus regulated by 
cytokines such as IL-lp and TNF-a, which induce endo- 
thelial ES (255). 

Finally, EC activation by cytokines can also be benefi- 
cial. Congenital toxoplasmosis involves infection of um- 
bilical cord vessels as a major route of transmission. IL-ip 
and TNF-a, in cooperation, inhibit EC replication of T. 
gondii, an obligate intracellular parasite. IFN-yhas a sim- 
ilar re tardive effect (256). 

Chemokines 



Chemokines are a group of 8- to 1 1-kd proteins produced 
by ECs as well as leukocytes, fibroblasts, and keratino- 
cytes (206,257). Their primary function is chemoattrac- 
tion, but stimulation of leukocyte microbicidal activity 
and ...e respiratory burst become evident at higher con- 
centrations. They are divided into two families on the 
basis of their leukocyte predilection and structure. The 
a-subfamily, exemplified by IL-8 (neutrophil-activating 
protein-1), has an amino acid intervening between the 



first two cysteines of its amino terminus (i.e., C-X-C), 
whereas the P-subfamily, exemplified by MCP-1, does not 
(i.e., C-C) (258,259). 

Each chemokine shows some selectivity for a leuko- 
cyte species both in vitro and in vivo. IL-8 acts on neutro- 
phils, although there is also some evidence for T cell and 
eosinophil activity (259-261). MCP-1 is a chemoattract- 
ant for human monocytes (262). MIP-1 attracts activated 
T cells, whereas RANTES (regulated on activation, nor- 
mal T expressed and secreted) acts on unstimulated T 
cells, monocytes, and eosinophils (263-265). Further- 
more, MlP-la acts preferentially on CD8+ lymphocytes, 
whereas MlP-ip attracts CD4+ cells (263). This chemo- 
tactic discrimination, plus that offered by the adhesion 
molecules, provides the means to selectively control ex- 
travasation of each leukocyte subset. 

IL-8 AND NEUTROPHIL TRANSMIGRATION: 
Endothelia treated with IL-l or TNF-a bring about neu- 
trophil transmigration. This effect appears to be at least 
partly due to stimulation of the endothelium's endoge- 
nous production of IL-8, which acts as a chemoattractant 
if added to the basal EC compartment in an in vitro model 
of the vessel wall (205,206). Antisera to IL-8 markedly 
inhibit neutrophil transmigration across activated EC 
monolayers, and washing the basilar compartment of the 
vessel wall, which depletes IL-8 from the subendothelial 
matrix, also prevents neutrophil invasion unless IL-8 is 
readded (205). IL-8 is less effective in a chemokinetic role 
(i.e., when placed on both sides of the endothelium) 
(202). 

Given that neutrophils must contact the endothelium 
for transmigration to occur, it is suggested that IL-8 cre- 
ates not only a chemotactic gradient, but also a 
haptotactic gradient of IL-8 molecules over the EC sur- 
face, along which neutrophils may move (7,204). Consis- 
tent with this proposal, IL-8 binding sites exist on ECs of 
postcapillary and collective venules and small veins, but 
they are not found on arteries or capillaries (266). Immu- 
nohistochemical analysis of IL-lp-stimulated ECs in vivo 
reveals IL-8 in association with both the EC monolayer 
and the underlying interstitium (205). IL-8 may reach 
these sites by diffusion from perivascular tissues or 
through local production by endothelium. A soluble che- 
motactic mechanism alone would be an unlikely method 
for neutrophil transmigration, because soluble IL-8 inhib- 
its neutrophil-endothelial interactions, it leads neutro- 
phils to shed L-selectin (a molecule involved in their pri- 
mary rolling attachment to ECs), and it would be 
continually eroded by virtue of flow dilution (7,267). 

Desensitization of neutrophils to IL-8 confirms the ex- 
istence of another factor involved in the control of trans- 
endothelial migration. The procedure decreases neutro- 
phil transmigration through cytokine-stimulated ECs 
totally. Desensitization to another chemotactic agent, N- 
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formyl-methionyl-leucyl-phenylalanine (FMLP), creates 
neutrophils that still respond to an IL-8 gradient, suggest- 
ing that the desensitization process does not prevent neu- 
trophil migration. They are, however, inhibited from 
transmigrating across cytokine-stimulated ECs by 74%, 
through a putative second, lL-8-independent pathway 

(268) . TNF.-ot and IL-8 have additive effects on transmi- 
gration, which further suggests the existence of an IL-8- 
independent mechanism (202). 

Chemotactic desensitization also demonstrates the di- 
chotomy between adhesion and transmigration. Neutro- 
phils desensitized to IL-8 adhere avidly to ECs due to ac- 
tivation of their CDIIb/CD18, but they do not migrate 

(269) . Furthermore, lymphocytes will adhere to TNF-a- 
treated EC monolayers, but they do not migrate through 
them (204). 

IL-8 AND NEUTROPHIL ADHESION: Neutro- 
phils that have established adhesive contact on the endo- 
thelium display activation of their P 2 -integrins, and they 
lack L-selectin (7). Soluble IL-8 also causes nonadherent 
neutrophils to shed L-selectin, and as a result of further, 
as yet uncertain means, it decreases neutrophil-endothe- 
lial interactions (267). Intravenous IL-8 administration to 
nonhuman primates results in granulocytosis and neutro- 
phil margination in lung, liver, and spleen, but no tissue 
infiltration (270). Thus, depending on whether more IL-8 
is bound or free, neutrophils are either stimulated to or 
are inhibited from adhering. 

Because neutrophil contact with cytokine-activated 
endothelium may lead to EC damage, IL-8 steers the in- 
teractions of these two cells through three possible 
courses: (a) diapedesis and transmigration, (b) expulsion 
of granule contents and EC damage, or (c) detachment 
via soluble IL-8 to reenter the circulating pool (240). The 
levels of soluble, intravascular IL-8 at a site of inflamma- 
tion are controlled by the availability of free binding sites, 
blood flow washing away soluble factors, circulating anti- 
bodies to IL-8 (271), and red blood cells, which bind IL-8, 
rendering it incapable of stimulating neutrophils (272). 

MONOKINES: MCP-1, MIP-1, and RANTES are the 
mononuclear cell chemoattractant equivalents of IL-8. 
Their synthesis is induced in ECs by IL-1, TNF-a, LPS, 
and thrombin (273,274). IFN-y also induces MCP-1 
mRNA, but to a lesser extent (274). MCP-1 protein stead- 
ily accumulates from ECs exposed to IL-lp over 48 hours. 
It has chemoattractant properties for monocytes, and it 
can activate monocyte p 2 -integrins (274,275). 

Akin to IL-8, MIP-ip is also present on lymph node 
endothelium in an immobilized form, and thus it is resis- 
tant to loss in the flow of the bloodstream. In vitro immo- 
bilization of MlP-ip on proteoglycans assists the binding 
of T cells to VCAM-1 (276). MlP-lp may therefore con- 
trol not only the chemotaxis of T cells, but also their ad- 



hesion to endothelial VCAM-1. This process is similar to 
IL-8 activation of neutrophil P 2 -integrin, although' the 
mechanism of this effect of MIP-ip is unresolved. 

DISEASE ASSOCIATIONS: The chemokines are as- 
sociated with both acute and chronic disease processes. 
IL-8 appears in the circulation in patients with septic 
shock, endotoxemia, and after IL-1 administration (277). 
Bronchioloalveolar lavage IL-8 levels are higher in pa- 
tients with acute respiratory illnesses in whom the adult 
respiratory distress syndrome subsequently develops 
(278), than in those in whom it does not develop. Acute 
asbestos-induced pleurisy is characterized by an influx of 
neutrophils. Introduction. of crocidolite asbestos or TNF- 
a into the pleural space leads to the appearance of chemo- 
tactic activity for neutrophils, which is inhibited by anti- 
IL-8 and is accompanied by rapid induction of IL-8 
mRNA in mesothelial cells (279). 

Extracts of synovium from joints afflicted by rheuma- 
toid arthritis possess diverse chemotactic activities to 
monocytes, T cells, and neutrophils. mRNA for IL-8, 
MCP, RANTES, and GRO is expressed in synovial fluid 
cells and synovial macrophages and fibroblasts. The che- 
motactic activity can be adsorbed by anti-IL-8 and anti- 
MCP-1 antibodies. MCP-1 levels are significantly higher 
in synovial fluid from patients with rheumatoid arthritis 
than those with osteoarthritis, which is consistent with 
the relative components of inflammation in the two disor- 
ders. The concentration of IL-8 and RANTES mRNA in 
blood is also less than in synovial fluid cells, which is con- 
sistent with the central site of inflammatory activity (280- 
285). 

Circulating antibodies to IL-8 have been demonstrated 
in patients with rheumatoid arthritis; they correlated 
strongly with C-reactive protein, number of arthritic 
joints, and disease activity (271). IL-8 immunostaining is 
also noted on ECs in the minor salivary glands of patients 
with Sjogren's syndrome (286). 

Minimally modified low density lipoprotein (LDL) in- 
duces MCP-1 in human endothelial and smooth muscle 
cells, and a role in atherosclerosis is further suggested by 
expression of MCP-1 mRNA and protein in atheroscle- 
rotic lesions of rabbits, but not from the intima or the 
media of normal animals. MCP-1 can be extracted and hy- 
bridized from lesional foam cells, but not from alveolar 
macrophages, sublesional VSM Cs, or normal arteries 
(287,288). 

Interferon-^ 



IFN-yis a T-cell product that steers ECs toward a pheno- 
type consistent with chronic inflammation; they express 
class I and II MHC antigens, and they resemble a high 
endothelial venule (289). Its intracellular signaling in- 
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volves phosphoiipase D-dependent triphasic activation of 
PKC (290). 

EFFECTS ON ADHESION MOLECULES: The ef- 
fects of IFN-y on the EC adhesion molecule profile differ 
from those of IL-1 and TNF-cc. IFN-y stabilizes the surface 
expression of ES, but it does not induce or prolong its 
period of synthesis (291). It does not increase PS expres- 
sion, but 1CAM-1 is-up-regulated (169,292). IFN-y has a 
minor part in the induction of the L-selectin ligand com- 
pared with TNF-ot and IL-ip (181), but it decreases. EC 
expression of CD34, another L-selectin ligand (179). 

IFN-y has not been found to induce VCAM-1 on cul- 
tured ECs (185), but it does lead to a marked up-regula- 
tion of endothelial and dermal dendritic cell VCAM-1 
after intradermal injection. In comparison to normal skin, 
in which VCAM-1 is present on perivascular dendritic 
cells and some follicular keratinocytes only, VCAM-1 is 
variably up-reguiated on dermal endothelial and dendritic 
cells in allergic contact dermatitis, atopic dermatitis, li- 
chen planus, and psoriasis, all conditions with increased 
local IFN-y (293). 

EFFECTS ON MHC EXPRESSION: Class I MHC 
appears on ECs exposed to IFN-y (169); the ECs then be- 
come antigen-presenting cells for lymphocytes (294). 
IFN-y increases TAP-1 expression, thus permitting as- 
sembly and normal surface expression of the class I MHC 
molecules. Both class I MHC and TAP-1 are synergisti- 
cally increased by combinations of TNF-ot with IFN-y 
(196). 

Class II HLA-DR antigens are uniquely induced on 
ECs by IFN-y; they selectively increase the adhesion of 
CD4+ lymphocytes to ECs over other leukocyte popula- 
tions (289,295,296). Serially passaged EC cultures will 
stimulate highly purified peripheral blood CD4+ T cells to 
proliferate if the EC cultures are pretreated with IFN-y to 
induce de novo expression of MHC class II molecules 
(297). T-cell production of IFN-y correlated with the in- 
tensity of EC expression of MHC antigen in a rat model of 
insulitis (298). 

OTHER ENDOTHELIAL EFFECTS: Human re- 
combinant IFN-y increases HUVEC monolayer perme- 
ability to [ 125 I] -labeled bovine serum albumin in a tirne- 
and dose-dependent manner. IFN-y and TNF-a or IL-1 
produce an increase in permeability greater than that seen 
with each cytokine alone (299). Migration of lympho- 
cytes through endothelial cell monolayers is also aug- 
mented by an endothelial-specific effect of IFN-y. This 
augmentation affects even prebound lymphocytes; 
therefore affects migration and not just adhesion (300). 
The mechanism is not resolved, although IFN-y increases 
MCP-1 production. 

IFN-y decreases EC avp3-integrin (the vitronectin re- 



ceptor), and it induces txipi (192,301). It decreases EC 
mRNA and protein levels of PDGF and GM-CSF, it in- 
creases IL-1 mRNA, and it weakly induces IL-6 produc- 
tion (106,154,302). 

Hematopoietic CSFs 



IL-3 acts directly on hematopoietic and endothelial cells, 
and it favors their proliferation, as discussed. Pro- 
inflammatory effects of excess Levels of CSFs have been 
evident in clinical practice and in animal models 
(303,304), but they have been ascribed to actions on ma- 
ture leukocytes, such as those favoring their adhesion to 
endothelium (305,306) and activation (307-310). ECs 
have been seen as a source of G-CSF, GM-CSF, and 
M-CSF when activated by other cytokines (e.g., IL-1, 
TNF-a, oncostatin-M) (311-313). Modified LDLs pro- 
duce a similar effect, and because M-CSF binds preferen- 
tially to type V collagen (a collagen reported in athero- 
sclerosis), this effect has led to suggestions that CSFs thus 
produced and acting on leukocytes may have a role in 
atherosclerosis (314,315). 

We and others have observed that resting HUVECs ex- 
press mRNA for the a- and p-chains of the IL-3 receptor, 
and that this is a functional mediator of endothelial inter- 
actions with leukocytes (90-92). Previous reports had 
generally concluded that CSFs do not influence these en- 
dothelial properties (e.g., procoagulant activity; produc- 
tion of PAF; expression of ES, PA, or PAI-1) (88,89). Pos- 
itive reports (e.g., G-CSF augmenting ET-1 production 
(316), and GM-CSF and M-CSF weakly increasing endo- 
thelial ICAM-1 expression) (292,317) are controversial in 
light of the absence of demonstrable receptors for these 
cytokines on ECs. 

IL-3, however, induces ES surface expression on rest- 
ing HUVECs, as well as those treated with TNF-a. It sup- 
ports neutrophil and CD4+ lymphocyte adhesion (90,92). 
IL-8 production and neutrophil transmigration across 
TNF-a-activated HUVEC monolayers are also increased 
by IL-3 (90). Thus, at least one CSF clearly alters endo- 
thelial interactions with leukocytes in vitro. 

Transforming growth factor-fi 



TGF-P is a 25-kd dimer that appears to be a vital anti- 
inflammatory factor. Three isoforms are known in hu- 
mans, but consideration is given in this discussion only to 
TGF-p 1. At the cellular level, TGF-P has pleiotropic ef- 
fects on morphogenesis, proliferation, and differentiation 
(318,319). Lin and Lodish (320) categorize its effects as 
(a) interruption of cell cycle in mid-to-late Gl-phase, 
thus preventing induction of DN A synthesis and progres- 
sion into S-phase; (b) induction of ECM and decreased 
synthesis of matrix-degrading proteinases; and (c) modu- 
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lation of the secretion of other growth factors and their 
receptors (320). 

Endothelium secretes latent TGF-p which undergoes 
activation in heterotypic co-cultures with other cell types 
such as pericytes or VSMCs (18,72). Its production in ad- 
dition appears to be under positive autocrine control and 
is increased by TNF-a and 1L-1 in a synergistic manner 
(321,322). 

ENDOTHELIAL EFFECTS OF TGF-pl: TGF-p is 
recognized as a fundamental protein given the multifocal 
inflammatory disease seen in mice with targeted deletion 
of the TGF-pl gene. At birth, these animals show no gross 
developmental abnormalities, but approximately 20 days 
later, they succumb to a wasting syndrome accompanied 
by a mixed inflammatory infiltrate, leading to organ fail- 
ure in heart, stomach, liver, lung, pancreas, salivary 
gland, and striated muscle. There are increased numbers 
of neutrophils and monocytes in peripheral blood, and 
analysis of cytokine mRNAs from spleen, liver, and lung 
show increased IFN-y, MlP-la, TNF-a, and IL-iP levels 
(323,324). 

Although the mechanisms behind this pathology are 
not entirely certain and may not be directly applicable to 
humans, experimental data demonstrate that TGF-p neg- 
atively modulates the interactions between human ECs 
and leukocytes therefore contribute to the inflammatory 
homeostasis of the organism. The basal and TNF-oc/lL-1— 
induced adhesiveness of ECs for neutrophils (325), T 
lymphocytes (326), monocytes (Li twin MS, et al., unpub- 
lished observations), and tumor cells (327) are decreased 
by TGF-p. This decrease is accompanied by a reduction in 
the EC surface expression of ES; there is no change in 
VCAM-1 or ICAM-1 (328). Neutrophil transmigration 
across basal and cytokine-stimulated EC monolayers is 
also inhibited by TGF-p, with an accompanying reduc- 
tion in EC IL-8 secretion (Smith WC, et al., unpublished 
observations). 

Expression of VCAM-1 on VSMCs in their basal state 
or after TNF-a stimulation is also inhibited by TGF-p. Be- 
cause active TGF-p is produced as a result of coculture of 
VSMCs and ECs, this close cellular association may be re- 
sponsible for the lack of VCAM-1 expression on in situ 
normal VSMCs. Interruption of this contact in atheroma 
and loss of active TGF-P may be important pathogenic 
events (Gamble JR, et al., unpublished observations). 

TGF-p RECEPTORS AND SIGNALING: There are 
three cell surface TGF-P binding proteins, each reported 
to be expressed on ECs (74,329). Type 1 and III receptors 
are thought to capture TGF-P and present it to type II re- 
ceptors, which are functional transmembrane serine/thre- 
onine kinases (320,330). In addition, there are a number 
of other binding proteins that exist as soluble forms or in 
the ECM. a 2 -Macroglobulin and p-glycan are believed to 



deliver TGF-P to its signal transduction receptors, 
whereas decorin -neutralizes TGF-p (8). The effects of 
TGF-p on ECs, however, may relate more to expression of 
downstream components of the signaling pathway than to 
the type of receptor expressed, because these receptors 
are found even on TGF-p-unresponsive ECs. On other 
cell types, divergent responses are produced despite ex- 
pression of the same receptors (331,332). 

DISEASE ASSOCIATIONS: In several experimental 
animal diseases modeling human illnesses marked by a 
significant inflammatory component, administration of 
TGF-p leads to amelioration of both disease and tissue 
infiltration. In experimental allergic encephalomyelitis 
TGF-P appears to protect against disease relapses. Anti- 
TGF-p antibody increases the incidence and severity, of 
relapses, whereas anti-TNF-a antibody decreases them. 
TGF-P treatment does not influence the appearance of 
sensitized cells in peripheral blood and lymph nodes, but 
it does prevent accumulation of T cells in brain and spinal 
cord (333). Similar benefits from TGF-p are claimed in 
myocardial ischemia/reperfusion injury (334,335), as 
well as acute and chronic streptococcal-induced arthritis. 
Histopathological examination of the latter shows re- 
duced inflammatory cell infiltration, pannus formation, 
and joint erosion (336). 

Lipoprotein(a) (Lp[a]) is an LDL-like particle that 
contains apolipoprotein(a), a molecule with homology to 
plasminogen. Epidemiological studies have shown signif- 
icant correlation between blood levels of Lp(a) and coro- 
nary/cerebral vascular disease. Lp(a) inhibits generation 
of TGF-p in cocultures of ECs with VSMCs by competing 
with plasminogen for EC surface binding, thus decreasing 
the EC plasmin-generating activity. This process may lead 
to down-regulation of TGF-p activation, and, because 
TGF-P is an inhibitor of EC proliferation, adhesiveness 
for leukocytes, VSMC migration, and VCAM-1 expres- 
sion, Lp(a) may use this mechanism in the generation of 
atheromatous lesions (337). 

ECs from skin affected by psoriasis show specific unre- 
sponsiveness to the inhibitory effects of TGF-p on base- 
line, IL-1-, and TNF-a-induced increases in lymphocyte 
adhesion, compared with cultured normal dermal micro- 
vascular ECs (338). If this finding reflects only swamping 
of the relatively weak negative signal of TGF-P by other 
more powerful proinflammatory influences, it is still a dem- 
onstration of the finely balanced forces in inflammation. 

lnterleukin-4 



1L-4 is a product of T cells, mast cells, and bone marrow 
stroma cells. It has a dominant role in the development of 
undifferentiated T helper (Th) cells into Thl and Th2 
cells, favoring the Th2 phenotype (339). It also inhibits 
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several monocyte functions in vitro, including the respi- 
ratory burst; adhesion to endothelium and IL-1, TNF-ct, 
IL-6, and IL-8 (340-343). 

1L-4 assists endothelial induction of VCAM-1 by IL-1, 
TNF-d, or IFN-y. Expression of basal and cytokine-in- 
duced ES and, to some extent, ICAM-1, is decreased, 
however, and together with TGF-p there is additive inhi- 
bition of ES (328, 344;345).. Through these changes, IL-4 
increases EC adhesiveness for T cells, eosinophils, and 
basophils, but not for neutrophils, because the former ex- 
press very-late antigen (VLA-4); a ligand for VCAM-1, but 
neutrophils do not (346,347). Furthermore, eosinophils 
(but not neutrophils) from individuals with atopic derma- 
titis migrate through IL-4-pre treated EC monolayers (348). 

Both IL-4 and TNF-a increase intracellular cyclic AMP 
in ECs, but only IL-4 uses this pathway to mediate lym- 
phocyte adhesion. Elevation of cAMP in ECs does not in- 
duce VCAM-1, the only identified adhesion molecule in- 
duced by IL-4, indicating that an increase in cAMP in EC 
promotes an as yet unidentified adhesion pathway (349). 

IL-4 increases resting endothelial M CP- 1 production. 
It does not further increase IL-1 or TNF-induced MCP-1 
mRNA, but there is an increase in secreted MCP-1 with 
these factors in combination; therefore, monocytes that 
adhere to the vascular wall by IL-4-induced VCAM-1 
may be uniquely positioned to respond to EC-produced 
MCP-1 (350-352). IL-4 decreases IL-8 production by en- 
dothelium (Smith WB, et al., unpublished observations), 
which further suggests its activity favors mononuclear 
rather than neutrophil transmigration. 

IL-4 may alone be insufficient to mediate leukocyte ex- 
travasation in vivo. Studies of monocyte morphology after 
adhesion to IL-4-treated, VCAM-l-bearing endothelium 
show that although there are more adherent monocytes, 
they do not stretch over the surface of ECs, which is 
thought to be a precursor of their transmigration. In con- 
trast, stimulation of ECs with IL-la for 24 hours in- 
creases surface expression of both ICAM-1 and VCAM-1, 
enhances binding of monocytes to ECs, and increases the 
percentage of EC-bound monocytes with a stretched mor- 
phology (353). 

IL-4 induces IL-6 production by ECs in synergy with 
IFN-y, IL-1, and TNF-a (354,355). 

lnterleukin-6 



IL-6 is a T-cell cytokine that acts as a B-cell differentiator, 
a plasmacytoma growth factor, and a stimulator of hepatic 
acute-phase reactants. It increases endothelial ICAM-1 
expression (292). IL-6 is produced hy ECs stimulated 
with a variety of proinflammatory cytokines, such as IL-1, 
IL-4, TNF, and IFN-y (221,352,356). Exposure of ECs to 
mouse hepatitis virus leads to their production of IL-6 
(357). 



Endothelial monocyte-activating polypeptide 11 



Endothelial monocyte-activating polypeptide II (EMAP- 
II) is a 22-kd polypeptide purified to homogeneity from 
the conditioned medium of' murine fibrosarcoma cells 
based on its ability to induce tissue factor activity in ECs. 
In addition to procoagulant activity, it induces monocyte 
.migration, and it is chemotactic for granulocytes. Injec- 
tion into foot pads of mice leads to tissue swelling, with 
neutrophil infiltration (358). 

SUMMARY 



The major functions of the endothelium (i.e., renewal, 
angiogenesis, and interactions with blood components) 
are subject to the influence of many cytokines (Table 7-1) 
that often have overlapping, generally redundant effects, 
but nevertheless a wide spectrum of different actions. 

Redundancy and pleiotropism among cytokines 



Redundancy among these cytokines is well exemplified 
by the control of surface adhesion molecules by TNF-a, 
IL-1, IFN-y, IL-3, and IL-4, or of EC proliferation by FGF, 
VEGF, SF, IL-3, and TGF-p. For instance, TNF-a, IL-1, 
and IL-4 each encourage interaction of ECs with mono- 
nuclear cells by increasing endothelial expression of 
VCAM-1. TNF-a and IL-1 have the additional capacity to 
induce the display of ES by ECs and, consequently, their 
attachment of neutrophils. In direct contrast, IL-4 de- 
creases ES expression by the endothelium, and it restricts 
its interactions to mononuclear cells and eosinophils. 

Stimulation of angiogenesis by FGF and TGF-p is an- 
other example. Both enhance angiogenesis, but, as de- 
scribed, they appear to have opposite effects on EC divi- 
sion and deposition of ECM. They appear to act in a 
complementary manner as respective initiators and com- 
pleters of this process. Therefore, what appears to be re- 
dundancy is in fact also specificity and complementary 
activity created through the varying actions of diverse 
agents. 

Pleiotropism among the cytokines acting on endothe- 
lium is also evident. TNF-a and TGF-p provide a clear 
example. Amid their many actions on endothelium is, 
however, a consistent pattern. TNF-a is the proinflamma- 
tory agent that encourages coagulation, adhesion, and 
chemokine production, whereas TGF-p prevents these 
changes or acts to restore the status quo. A clear aid in 
defining the understanding of pleiotropic agents, such as 
TGF-p, has been the study of animals with cytokine gene 
deletions. The multiinflammatory disease of TGF-p— defi- 
cient mice now awaits further work to determine to what 
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TABLE 7-1 CYTOKINE ACTIONS ON ENDOTHELIUM 



EC Actions 


TNF-a, IL-1 


IFN-y 


TGF-p 


IL-4 


FGF 


VEGF 
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Mitosis 


i 


f-> 


I 


T 
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T ■ 
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<-> 


i 


<-» 


T 


T 


T 


Plasminogen activation 


T 
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ND 


ND 


Integrin expression 
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ND 


Angiogenesis 
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ND 


Adhesion molecules 
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T 


Permeability to molecules 
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T 


<-» 


Permeability to leukocytes 


T 
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<— ► 






T 


Cytokine production 


T 


U 


i 


T 


«-» 


ND 


«-> 


MHC expression 


T 


T 




<-» 


«-» 


ND 


<-» 



TNF = tumor necrosis factor; IFN - interferon; TGF-(3 = transforming growth factor-p; IL = interleukin; FGF = fibroblast growth 
factor; VEGF = vascular endothelial growth factor; CSF = colony-stimulating factor; MHC = major histocompatibility complex; ND = 
not done. 



extent the endothelial effects of TGF-p contribute to its 
overall phenotype. Transgenic methods have not yet been 
applied to endothelial biology due to the lack of endothe- 
lial-specific promoters. Study of the control of ES tran- 
scription, which is uniquely expressed on endothelium, 
offers hope in this direction. 

Local availability of cytokines acting 
on endothelium 



The local availability and source of cytokines are key fac- 
tors in their relative importance to endothelium. Acti- 
vated monocytes or lymphocytes, which produce many of 
the cytokines discussed, are generally features of estab- 
lished, chronic inflammation; thus, their cytokine pro- 
duction would not be expected to begin the first endo- 
thelial changes. Mast cells, by virtue of their ubiquity, 
secretory granule storage (i.e., holding TNF-a), and re- 
sponsiveness to neural stimuli, are suspected of being the 
key initiating cell. In delayed- type hypersensitivity reac- 
tions in human skin, degranulation of mast cells situated 
about superficial vessels is the first ultrastructural change 
seen; it precedes inflammatory cell accumulation by 16 
hours (151). 

Cytokine availability is influenced by the ECM, which 
may provide binding sites that function as reservoirs or 
aids to receptor interaction (8). The presence of binding 
sites is clearly important for the chemokines; as bound 
surface molecules, they favor leukocyte haptotaxis, but as 
free molecules, they inhibit leukocyte adhesion to ECs. 
ECM— EC interactions can also trigger the same intracel- 
lular signals evoked by cytokines, and the ECM is another 



area in which endothelial cell biologists will find fertile 
ground. 

Signaling 



Although cytokines are important signals for ECs, other 
means of communication are increasingly being under- 
stood. Molecules assigned one particular function have 
been discovered to have a second signaling function. For 
example, CD31 (PECAM-1) was viewed only as an inter- 
cellular junction molecule with a role in leukocyte trans- 
migration, but its ligation selectively assists interaction 
between the cc4pi -integrin found on leukocytes and 
VCAM-1 (359). Mechanical displacements from the 
bloodstream lead to changes in cell biochemistry. Flow or 
shear stress is transduced by ECs into, the induction of 
c-fos, PDGF, and activated factor X expression. Circum- 
ferential tensile stress due to blood pressure leads to 
thickening of the vascular wall (360-362). 

The signaling pathways of cytokines, as well as the sig- 
nals that follow ligation of surface molecules or percepti- 
ble displacement of cell membranes, are likely to assume 
increasing importance. The cyclosporine revolution in 
clinical medicine has clearly shown that the pathways for 
intracellular communication are central to an under- 
standing of cytokine actions, and that they are likely to be 
promising sites for clinically oriented interventions. TNF 
receptor-binding mutants with decreased endothelial pro- 
inflammatory actions that retain antitumor properties 
offer the promise of isolating the actions of other pleiotro- 
pic cytokines and potentially applying these findings se- 
lectively to clinical practice (219). 
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Abstract. Human endothelial cells are induced to 
form an anastomosing network of capillary tubes on a 
gel of collagen I in the presence of PMA. We show 
here that the addition of mAbs, AK7, or RMAC11 di- 
rected to the or chain of the major collagen receptor 
on endothelial cells, the integrin <y 2 /3 it enhance the 
number, length, and width of capillary tubes formed 
by endothelial cells derived from umbilical vein or 
neonatal foreskins. The ami-cfejSi antibodies maintained 
the endothelial cells in a rounded morphology and in- 
hibited both their attachment to and proliferation on 
collagen but not on fibronectin, laminin, or gelatin 
matrices. Furthermore, RMACH promoted tube forma- 
tion in collagen gels of increased density which in the 
absence of RMACI 1 did not allow tube formation. Nei- 
ther RMAC11 or AK7 enhanced capillary formation in 
the absence of PMA. Lumen structure and size were 
also altered by antibody RMACI 1. In the absence of 
antibody the majority of lumina were formed intra- 



New blood vessel formation is an essential event in 
embryogenesis and wound healing. However little 
is known about the steps which induce flat, static en- 
dothelial cells (EC) 1 to undergo differentiation leading to a 
new capillary bed. Recently, a number of in vitro assays have 
been established which are thought to mimic angiogenesis 
and these have provided insight into possible mechanisms. 
EC initially undergo a spatial reorientation towards the an- 
giogenic stimulus, invade and disrupt the extracellular ma- 
trix (ECM) by production of matrix degrading enzymes such 

Please address all correspondence to J. R. Gamble. Hanson Center for Can- 
cer Research. Institute of Medical and Veterinary Science. Fromc Road, 
Adelaide, 5000, South Australia. 

\ . Abbreviations used in thin paper. EC, endothelial cells; ECGS, endothe- 
lial cell growth supplement; ECM, extracellular matrix; HUVEC. human 
umbilical vein endothelial cell; MVEC, microvessel EC; nPA. urokinase 
plasminogen activator. 



cellularly from single cells, but in the presence of 
RMACI L multiple cells were involved and the lumen 
size was correspondingly increased. Endothelial cells 
were also induced to undergo capillary formation in 
fibrin gels after PMA stimulation. The addition of 
anti-(jfc v j3i antibodies promoted tube formation in fibrin 
gels and inhibited EC adhesion to and proliferation on 
a fibrinogen matrix. The enhancement of capillary for- 
mation by the anti-integrin antibodies was matrix spe- 
cific; that is, ami-a\.j8i antibodies only enhanced tube 
formation on fibrin gels and not on collagen gels while 
anti-u\0i antibodies only enhanced tubes on collagen 
and not on fibrin gels. Thu:> we postulate that changes 
in the adhesive nature of endothelial cells for their ex- 
tracellular matrix can profoundly effect their function. 
Anti-integrin antibodies which inhibit cell-matrix in- 
teractions convert endothelial cells from a proliferative 
phenotype towards differentiation which results in en- 
hanced capillary tube formation. 



as plasminogen activator and collagenase and undergo tube 
formation and extension via EC proliferation (for review see 
Folkinan and Handcnschild, 1980; Folkman, 1986). Thus, 
measurement of EC realignment, enzyme secretion, and cell 
proliferation are taken as indicators of EC differentiation and 
tube formation. Using such assays, it is clear that a number 
of factors including basic fibroblast growth factor, TGF-/3, 
and tumor necrosis factor (Folkman and Klagsbrun, 1987) 
(termed angiogenic factors), can stimulate angiogenesis. In 
addition to the requirement for an angiogenic factor, in vitro 
capillary formation is also dependent on the correct matrix. 
Endothelial cells, plated on a two-dimensional matrix of 
ECM proteins or on plastic, form capillary tubes slowly (2-3 
wk) (Kubota et al., 1988; Iruela-Arispe et al., 1991). How- 
ever, when plated onto a gel of the ECM proteins, tubes form 
within 24 h (Kubota et al., 1988). Isolated components of 
the ECM, such as collagen or fibrinogen, when gelled are 
also able to induce the formation of capillary tubes (Monte- 
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sano et al., 1985). In collagen and fibrin gels the process of 
capillary formation is enhanced by the activation of the EC 
with the tumor promoter, PMA (Momesano and Orci, 1985; 
Montesano et al., 1987). Thus, even in the presence of an 
angiogenic factor, and a permissive milieu, an additional sig- 
nal is required and this can be provided by PMA. 

Cell surface molecules mediating adhesion to either 
neighboring cells or to substrates are likely to play a key role 
in angiogcncsis. The integrins are a family of cell surface 
molecules which mediate the attachment of cells to the ECM 
and to other cells. At least 19 different cell-surface a/3 het- 
erodimers have been identified, some of which mediate 
adhesion to ECM proteins such as laminin, collagen, 
fibrinogen, and fibronectin (Ruoslahti and Pierschbacher,' 
1987; Hynes, 1987; Albelda and Buck, 1990). EC express 
five of the six 0, integrins (ai/3,, a ; j3,, a 3 0 i9 a s j8 u and a«0i) 
although there is some heterogeneity in the level of expres- 
sion depending on the source of the EC (Dcfllippi et al., 
1991a). The major collagen receptor on EC is a 2 0 x (Al- 
belda et al.. 1989; Languino et al., 1989) which can also 
mediate binding to laminin (Kramer et al., 1990). EC also 
express which mediates adhesion to fibrinogen (Al- 
belda etal., 1989; Cheresh and Spiro, 1987) as well as lami- 
nin (Kramer et al., 1990) and vitronectin (Cheresh and 
Spiro, 1987). . 

We describe here for the first time that anti-integrin anti- 
bodies directed to the receptors mediating attachment to the 
tube-permissive matrices of collagen I and fibrin enhance 
capillary formation as measured by tube number, length, and 
thickness. Anti-integrin antibodies enhance tube thickness 
by increasing the number of cells involved in lumen forma- 
tion. These results suggest that capillary tube formation is 
dependent on the interaction of EC with the ECM and that 
restriction of specific cell-matrix interactions can enhance 
the extent of capillary formation. 

Materials and Methods 
Endothelial Cells 

Human umbilical vein endothelial cells (Huvec) were isolated by col- 
lagenase treatment as described (Wall et al., 1978). The cells were cultured 
in 25 cm 2 gelatin (Eastman Kodak Co.; Rochester, NY)-coated flasks 
(Costar Corp., Cambridge, MA) in Ml 99 with Earles Salts, 20 mM Hepes. 
20% FCS (Cytosystems. Sydney ), sodium bicarbonate, 2 mM glut amine, 
nonessential amino acids, sodium pyruvate, fungizone, penicillin, and gen- 
tamycin (HUVEC medium). Cells were grown at 37°C. 5% COt. Within 
2-4 d the HUVEC formed a confluent monolayer and were then harvested 
by trypsin-EDTA treatment and transferred to a 75-cm 2 gelatin-coated 
flask. 50 /ig/mJ of endothelial celt growth supplement (ECGS, Collabora- 
tive Research. Bedford. MA) and 50 /ig/ml of heparin (Sigma Chem. Co., 
St. Louis, MO) were added. Cells were passaged (1:2 split) every 3-4 d, 
and were used between passage 2 and 6. Micruvessel EC (MVEC) were pre- 
pared from neonatal foreskins according to the method of Marks el a!. 
(1985). Cells were frozen in liquid nitrogen at 1-2 x lCr*7vial at passage 
2-6 and thawed as required. Cells were grown to confluence before use. 
Medium for growth and maintenance of these EC was Ml 99 with Earles 
Salts. 25 mM Hepes, 5U% human serum, sodium bicarbonate. 2 mM gluta- 
mine. fungizone, penicillin, streptomycin. 3.3 x 10" 4 M cAMP. ECGS 
(50 /ig/ml). and heparin (50 Mg/mJ). 

Collagen Gel Capillary Assay 

Bovine Type I collagen (Celtrix Laboratories, Palo Alto, CA) gel was pre- 
pared by simultaneously raising the pH and the ionic strength of a collagen 
solution, using a modification (Greenburg and Hay. 1982) of the original 



method described by Elsdale and Bard (1972). Seven volumes of ice cold 
collagen solution (3 mg/ml) was mixed with 1 vol of IOx concentrated PBS. 
pH 7.4, ;i nd 2 vol of sodium bicarbonate (1 1.76 mg/ml) on ice. One hundred 
/il of the mixture was aliquoted into 96 well flai-bollurned microliter trays 
(Nunc. Roskilde. Denmark) and allowed lo gel for 10-20 mi n at 37 °C. For 
more rigid collagen gels, the mixture was allowed in gel for at least I h 
•<i\ 37°C. After gel formation. EC, which were removed from confluent 
monolayers hy trypsin treatment, were plated down onto the gel at a concen- 
tration of 6.4 x \(f cells/160 n\ in HUVEC or MVEC medium with 
ECGS and heparin. As indicated 20 ng/ml PMA (Sigma Chem. Co.) was 
added to some wells. In some assays, as indicated, cells together with PMA 
were resuspended in the collagen before gelling (modification of method bv 
Madri et al.. 1988). 

Fibrin Gel Capillary Assay 

Three dimensional fibrin gels were prepared as previously described by 
Montesano et al. (1985). One hundred /ii of plasminogen free fibrinogen. 
3 mg/ml in PBS (Sigma Chem. Co.) was placed into 96 well flat -bottomed 
microtiter wells (Nunc) and clotted by the addition of 2 /xl of 1 U/ml throm- 
bin (Parke Davis Pty Ltd.. Adelaide, Australia) in PBS. The mixture was 
allowed to gel for ~2 min at 37°C before addition of EC. Cell numbers and 
conditions were the same as that described for the collagen gel assay. 

Quantification of Capillary Formation 

Tube formation was assessed al several different local plains through the gel. 
The extent of capillary tube formation was judged in relation to the amount 
of EC monolayer and to the number, width, and length of the tubes formed. 
Based on these criteria values from + to + + + +■ were assigned. Tube for- 
mation was also quantified from high power photographs. At least two pho- 
tographs from random fields from each microliter well (duplicate wells 
were set up for each group) were taken. Areas of the well were avoided 
where the meniscus gave a distortion of the optics. We defined tubes as 
straight cellular extensions joining two cell masses or branch points. The 
minimum width of tubes was measured and is given as the width. From the 
photographs, counts were made of the number, length, and width of lubes. 

Proliferation Assay 

The mitogenic response of EC to different stimuli was measured using a 
spectrophotometric assay (Oliver el al.. 1989). Cells (5 x 10*) were 
plated onto matrix-coated flat-bottomed microliter trays (Nunc), 150 
jd/well in HUVEC medium either with or without ECGS, and heparin. Af- 
ter 3 d, medium was removed and the ceils fixed in 10% formal saline for 
30 min. One hundred of methylene blue (\% wt/vol, in 0.01 M borate 
buffer, pH 8.5) was then added to each well, incubated for 30 min, the stain 
flicked off, and the cells washed 3-4 limes in borate buffer. The dye was 
released by addition of ethanol, 0.1 M HC1 solution (1:1) with a brief shak- 
ing. The optical density at 630 nm (OD630 nm) was then determined. The 
percentage proliferation was calculated based on the OD630 of the no anti- 
body control group normalized to 100%. Experiments showed that there 
was a linear relatioaship between the OD630 nm and the increase in cell 
number and that as low as I0- 1 cells/well could be detected. Similar results 
were obtained using the methylene blue assay and the uptake of f 'HJthymi- 
dine (data not shown). 

Cell Attachment Assays 

Microliter plates were coated with either collagen 1 (50 MB-'ml). gelatin 
([%). or fibronectin (100 pg/ml) for 30 min at room temperature. Fibrin- 
coated microliter wells were formed by thrombin treatment (I U/ml) of 
fibrinogen which had been previously added to wells. Wells were washed 
twice with PBS and 5 x 10 3 cells were added per well in 50 jd of HUVE 
medium without FCS Plates were incubated at 37°C for the indicated times 
and cell attachment quantitatcd using the methylene blue assay (as outline 
above). 

Collagenase Assay 

Measurement of active collagenase was performed according to the method 
of Nethery et al. (1986); Microtiter wells were coated with 0.7 mg/ml colla- 
gen I solution (Collaborative Research Inc.), rinsed in water, and air dried. 
Cell supematants were treated with 0.5 mg/ml trypsin at 37°C followed by 
treatment with soybean trypsin inhibitor (Sigma Chem. Co.) al 5 mg/ml. 
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Collagenase samples (CLS-l Worthingion Biochem. Corp., Freehold. NJ) 
were prepared at concentrations from 1 to 1.000 ng/ml in assay buffer (50 
mM iris-HCl, 100 mM NaCl 10 mM CaCI 2 . pH 7.5} and were used to 
generate a standard curve. One hundred pi of samples and standards were 
then added to the collagen-coated microliter wells and inLubated for 16 h 
at 37°C. The wells were washed and stained using 0.25% Coomassie blue 
R-250(Biorad Labs.. NSW, Australia) for 25 min at room temperature. The 
stain was removed, wells washed in water, dried, and the absorbance al 590 
nm determined. The level of collagenase present in the sample was inversely 
proportional to the optical density reading at 590 nm. The level ol detection 
was 10 ng/ml. 

Monoclonal Antibodies 

RMACl I hinds the or chain of the «2/3t integrin complex on endothelial 
cells and fibroblasts and QE2E5 binds the 0i chain (O'Connel ct al., 1991). 
Prcclearing and immunoprecipitation experiments show that AK7 also 
recognizes the a chain of the ct2f3i complex (Mazurov ei al.. 1991). 
RMACl 1 (IgG2a). QE2.E5 (lgG2b), and AK7 (IgGl) were purified from 
ascites fluid using a mAb Trap G Sepharose column (Pharmacia LKB, 
NSW, Australia). Fab? fragments of RMACl 1 were prepared by pepsin 
digestion and Fab fragments by papain digestion of the IgG according to the 
method of Harlow and Lane (1988). P4C10, an IgGi antibody directed 
to the 0i integrin chain (Carter et al., 1990) was kindly provided by Dr. 
W. G. Carter, Fred Hutchinson Cancer Research Center, Seattle. WA. An- 
other antibody. 61.2C4, has been shown to be directed to the 0i chain 
(Gamble. J. R., and M. A. Vadas, unpublished observations). LM609 
and I3C2. both anti-ar*fJji antibodies, were kindly provided by Dr. David 
Cheresh, Scripps. La Jolla, CA and Dr. Michael Honon. Department of 
Haemaiology. Si. Bartholomews Hospital. London, respectively. 



Analysis by Flow Cytometry 

EC were plated on collagen gels either in the presence or absence of PMA. 
24 h later, cells either as tubes or as a monolayer were extracted by treatment 
of the gels for 30 min in 2 ing/ml collagenase at 37 C C. Cells were then 
trypsin- treated for 5 min to obtain single cell suspensions. Cells were 
stained with the appropriate antibodies for 30 min at 37°C followed by a 
rabbit anti- mouse -FITC antibody for 30 min at 4°C. Cells were washed 
three times in PBS and diluted in fixative (2 % glucose, 5 mM sodium azide. 
\% formaldehyde) before analysis on an Epics Profile Analyzer. Ten thou- 
sand cells were analyzed. 

Microscopy 

At 24 h after stimulation with PMA or PMA and RMACl 1, culture medium 
was removed from the culture wells and replaced with 2% paraformalde- 
hyde. 2,5% glutaraldehyde in sterile PBS (pH 7.4). Cultures were fixed in 
this solution for 12 h at room temperature (20°C). After 12 h, fixative was 
washed out with PBS, at least 10 changes every 10 min. and the cultures 
postfixed for an additional 12 h in \% osmium tetroxide in PBS. The os- 
mium tetroxide was washed from the cultures, at least 10 changes every 10 
min. Cultures were then dehydrated for three 20-min periods in each of a 
graded series of alcohol (70. 80, 95, and 100% elhanol in twice distilled 
water), and then for 60 min in each of two 100% elhanol washes. Cultures 
were transferred to vials containing 100% acetone. After three changes of 
acetone, each over 1 h, cultures were infiltrated overnight with a 1:1 mixture 
of acetone and epon-araldite. The next day the acetone was allowed to 
evaporate off in a fume hood, cultures were placed in fresh epon-araldite 
fur ^6 h, and finally transferred to a mould in a 70*C oven 10 polymerize 
overnight. All procedures were carried out at room temperature. 

For light microscopic examination, sections were cut I pm thick with a 
dry glass knife using an LKB ultratome. The sections were mounted on 
glass slides and stained with 1% toluidine blue in 1% borax. Sections were 
examined with a Leitz Orthoplan microscope. When endothelial cells con- 
taining lumens were seen the block was trimmed for thin sectioning (EM). 
For EM. thin sections of silver interference color were cut with a Swiss dia- 
mond knife (Dialome Ltd.. Fort Washington. PA), and picked up on clean 
uncoatcd 200-mcsh copper grids. Sections were stained for 5 min with 2% 
uranyl acetate in 50% ethanol, and for 5 min with lead citrate. Micrographs 
were taken on a Philips 410 electron microscope at 80 Kv. Magnifications 
were determined by means of a carbon grating replica. At both the light mi- 
croscope level and the electron microscope (eve I, serial sections up to 30 
each (I fim thick or silver interferem.c color/ were taken ut establish that 
the lumens were continuous through the endothelial cell. 
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Figure I. Anti-a 2 #i antibodies partially inhibit EC adhesion to 
collagen I and not to fibronectin. 5 X 10 3 EC in 50 y\ of serum- 
free medium were added to microtiter wells which had previously 
been coated with either collagen I {A) or fibronectin (B). The anti- 
bodies, as indicated, were added ar a final concentration of 30 
jig/ml. The plates were incubated at 37°C for 2 h, washed, and the 
number of attached cells assessed by the methylene blue assay (as 
outlined under Proliferation Assay in Materials and Methods), The - 
results were normalized where 100% adhesion is taken as the 
OD630 nm in wells without antibody. The results show the mean 
of triplicate wells for each group in one experiment representative 
of five similar experiments, p < 0.001 for groups with RMACl 1 and 
AK7 compared to no antibody group on the collagen I matrix. 



Statistics 

Significance was determined by the ANOVA test for analysis of variance or 
by the unpaired t test. 



Results 

Inhibition of Endothelial Cell Adhesion 
by Anti-Integrin Antibodies 

Adhesion of HUVEC to a collagen I matrix was inhibited, 
although only partially, by RMACl 1 and AK7 (Fig. 1 A) but 
the antibodies had no effect on HUVEC attachment to 
fibronectin (Fig. 1 B) or gelatin (data not shown). Cells did 
not attach to laminin in the absence of FCS. The antibody 
QE2E5 which binds to the j3, chain had no effect on the at- 
tachment of cells to any of the matrices tested. However, two 
other 0i specific antibodies, P4C10 and 612C4, almost to- 
tally inhibited HUVEC adhesion to collagen (and fibronec- 
tin) (data not shown). 

HUVEC Plated onto Collagen Gels Are Induced to 
Form Capillary Tubes 

EC, when plated onto a gel of collagen are induced to form 
a capillary network within the collagen gel in the presence 
of PMA (Fig. 2, B and C) (Montesano et al., 1983; Mon- 
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Figure 2. EC plated on collagen I gel in the presence of PMA are 
induced to form capillary tubes. 6.4 x 10* EC/well in 160 /il of 
HUVEC medium either in the absence (A) or presence (B) of 20 
ng/ml PMA were plated onto a gel of collagen I formed in microli- 
ter wells. The results were visualized 24 h after cell plating. C is 
a high power photograph nf group B. Photographs show representa- 
tive fields of one well of duplicate wells set up for each groupi Mag- 
nification [A) X60. (£) X60. and (C) x240 

tesano and Orci. 1985). Realignment of the EC. cell invasion 
into the gel, and the beginning of cell elongation are evident 
~8 h after plating of the cells onto the gel, and tube forma- 
tion was clearly visible by 12 h. Very little, if any, tube for- 
mation occurs in collagen gels in the absence of PMA or with 
addition of dimeihylsulphonic acid, used as a carrier for 
PMA; the cells arc maintained as a monolayer on lop of the 
gel and little invasion into the gel is seen (Fig. 2 A). Tube 
formation was highly dependent on the concentration of cells 



plated onto the collagen gel, no tubes being observed with 
less than 1-2 x lO cells/well suggesting that cell-cell con- 
tact is important. 

Analysis by EM of EC. 24 h after plating on collagen gels 
with the addition of PMA showed the presence of vacuole- 
iike structures similar to those described by Folkman and 
Haudcnschild (1980) (Fig. 3 A). A continuous membrane 
surrounded each vacuole which was either empty or filled 
with amorphous material. Fusion of these vacuoles with the 
plasma membrane was occasionally observed. Serial sec- 
tioning to >30 fini and visualization^ the light microscopy 
level shov ed a continuous vacuole-like structure confirming 
that these were indeed lumina. At least 70% of all cells 
visualized showed vacuolization. Only the occasional lumen 
was formed from multiple cells. 

Effect of Anti-Collagen Receptor Antibodies 
on Capillary Formation 

EC were plated onto collagen gels in the presence of PMA 
with increasing concentrations of antibodies RM AC1 1. AK7. 
and QE2.E5. Capillary formation was assessed 24 h later. 
Fig. 4 A shows the capillary tube formation taking place with 
PMA alone. No change in the extent of tube formation was 
seen with the addition of QE2E5 (Fig. 4 B). However, a 
more extensive capillary network was seen in wells contain- 
ing RM AC1 1. The tubes appeared longer and wider, and less 
monolayer was evident (Fig. 4 C*). Similar results were ob- 
tained with AK7, P4C10. and 612C4 and with EC derived 
from neonatal foreskins (data not shown). The enhancement 
of tube formation with RM AC1 1 over PMA alone was clearly 
evident in the high power photographs (Fig. 5, A-F). Tube 
number, length, and width were quantified from high power 
photographs and results from four separate experiments 
were analyzed and pooled and are shown in Fig. 6. The anti- 
a20i antibody RMACI I clearly enhanced the length (A). 
width (/?). and number (C) of tubes. 

EM showed that in the presence of RMACI I, cells were 
seen in larger aggregates suggesting cell-cell adhesion was 
promoted (not shown). Furthermore, larger lumina were evi- 
dent compared to PMA group only, the majority of which 
appeared to be formed from multiple cells as shown in Fig. 
3 B. Intercellular junctions are clearly visible at the EM level 
and by analysis of these junctions the lumen shown in Fig. 
3 B is formed from five EC. Analysis of thin sections (silver 
interface color) taken through gels showed that with PMA 
73 ± 5.7% (mean ± SEM) of lumina were formed from sin- 
gle cells (i.e., intracellular lumen. Fig. 3 A), The remaining 
lumina were formed from two or three cells. In contrast, in 
the presence of RMACI 1, 83 ± 7.4% of lumina were formed 
from three or more cells (values were obtained from four 
separate experiments with 50 lumen examined in each group 
in each experiment). Thus the increase in capillary thickness 
appears to be due to the conversion from intracellular to 
multicellular lumina. 

Maximum levels of tube formation were seen with 30 
j<tg/ml RMACI I (Table I) but some enhancement over the 
level seen with PMA alone was normally observed with 
3 fig/ml RMACI 1, Tube length, width, and number were as- 
sessed visually through different focal plains of the gel and 
assigned values from +- to + + + + . Tube length, width, and 
number were also measured from high power photographs. 
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figure Z EC plated on raUagsti i gd in the pr?sen<:e of PM A 3re 
induced to iijrm capillary tithes, hd x \& ECAvell ; fi ]i\<) } xi of 
KUVEC median* either in tiw -hseEJce t ,4> o ( presence ci 20 
ng/i-ii ?MA werc pbtcd omo a ofeoilas>fin J fopnsd-in microli- 
ter -*d:s. Thft n^ulw were v.Uu&hxed 24 h after. ceil plating. C is 
a high power photograph of group #. Photographs show ^preventa- 
tive field? ofocii: wail c-f displume v,*\h sot up iovzavh t>roup. Mag- 
nification < -1 > X00> tf?} X60, and jO *?.4ft 

icsano and Orel, " Realignment of the EC ceil invasion 
into the gci, and the beginning of ceil elongation arc evident 
■•^8 h after plating of -he cells onto the gd, and tube -forma- 
tion was clearly visibic by 12 h. Very little, if any, tube ibr- 
mat ion occurs in collagen gels in the absence of PMA or with 
addition of dstneihyisuiphonk- acid, used as u carrier far 
PMA: :hc coHk are. mmntsmed us a monolayer on top of the 
gel and little invasion into the gel is seen (Fig. 2 .4}. Tube 
fbnviiition was highly dependent on the concentration ofeelk 
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phased onto ihe collagen gel. no mbes being observed with 
hs* than ;-2 x 10'- cellsAvd] sugc^img thai cell-ceil con- 
tact in buporT;mi. 

Anal* si* by EM of EC. '24 h After plating on collagen ftis 
^ith the addition of PMA showed the presence of vacuole- 
;ike structures simitar to those described bv.Kukmjm ami 
Hiiucic«.schil:5 (1980) (Fig. 3 A). A contiriiioi)* tncmbr^e 
sunvuadtti c-acb wiiole which was eh her empsv or filled 
widi amoqftou* material. Fusion of these vacuoles with the 
phi?ma nrcmbrang wa* occasionally observed.. Serial sec- 
iiof-if-g -o >30 fxi-y and visualisation atthc hghi microscopy 
level showed a eofct»Eiuou*i v^cuoJe-bke structure tt.mfirmmg 
thai" these were indeed km;.ma. At ieasi ?0'X of ;iil cells 
visualized showed vauasoSiz&tiori. Only the occasional h-raen 
was ionned from multiple cells. 

ix'^c/ ofAnti-Catiagen Receptor Antibodies 
on Capillary Formation 

EC were plated onto collagen gels in -he presence of PMA 
with iocreasirsgcroKccntraiions of antibodies RMACil, AK7, 
and Capillary formation was assessed 34 h later. 

Fig. 4 shows the capiliiuy rub;-, ibrnution taki*^ place witii 
PMA akmc:. No -change in the extern of tube ic^Tnation w<\s 
*een svith the nddirioi; of ("Fig. 4 ]?), However, a 

i:X*r» extensive capillary iverwork was seen in wells contain- 
lag RMAC1 L 1 ne !.xiI>ks ap|x«=red longer and wsder, -and less 
!Tionol:3\-Kr wa--; evident (big. 4 C). Similar resxilts were ob- 
tained with AK7, P4Q0. and 632C4 and with EC derived 
from neortaiai ibreskins (data noi shovvn'i. The errha«eeincnt 
of utbe Ibrmatkm with RMAC'I i over PM A alone was clearly 
eviiient i:i the fiigh ptwer photograpfrs (Fig. 5, .4-F). Tube 
niiniber. length, and \v!d;h were quantified fmu: hi#h |K»wer 
pivoi-ogn-phs and resuhs fronj font Hepr : rate cxpernnehis 
svere analyzed and pooU-xi and arc shown in Fig. 6. The&tui- 
anybody RMACil clearly enhanced Uie length (A). 
width iB). and autnbet (C) of tubes. " - 

EM showed thai :a -he presence of RMACil, cells were 
seen in ktrger aggregates suggcsiiuc cell-cell adhesion was 
promot^i ( not shc»w«). Furthermore, larger Imtnua were evi- 
dent compared to PMA group only, (he majority of which 
appeaxed to be fanned i'rnin multiple cells as shown in Fig. 
3 B I'ntcrceliuiar junctions arc clearly visible m the KM level 
and by aoalysk of these junctions the lumen shown in Fig. 
3 II v>. formed from five EC. Analyst* of thin sections silver 
inierfat-e color) taken, throagh gels showed thai with PMA 
73 ;i. 5.7* {mc&n ± SFiM) oflumina were fcan-ed frons sin- 
gle cells {I.e.. iatracelJuiar lumen, Fig. 3 A). The reniiiintng 
lannna wete formed from two or three eelis. In contrast in 
the preser-ee of RMAC1 \, S3 ± 7.4% ofim^ina'were formed 
from three or more cells (value* were obtained from four 
separate experiments with 50 lumen examined in each group 
in each experiment). Thus the increase in capillary thickness 
appears w be dne «• the ctjnversion from intracellular ;o 
xnulticeihiUn- iumina. 

Maximum level* of tube ftirmntion were seen with 30 
ftg/mi RMACil (Table I.) but sotnc enhancement over the 
level seen with PM A akme wa^ normally observed with 
3 ,-jg/inJ KM AC I h Tube length, width, nnd (sumher were as- 
sessed visually through ddYerem focal plains of the gel and 
assigned valne* from 4- to •:• ■•- ■•■ . Tube length , widih, and 
number were also measured from high power photographs. 




Figure 3. Formation of lumen- 
containing capillaries in colla- 
gen gels. EC in the presence 
of 20 ng/ml FMA (A) or PMA 
and 30 fig/ml RMAC11 (B) 
were plated onto a collagen 
gel. 24 h later the cells were 
fixed, embedded in epon-aral- 
dite, and sectioned for EM. 
Magnification (A) X 7490 and 
(B) X4000. C collagen; L t 
lumen. Numbers 7-5 relate to 
cell junctions. 



As is seen in Table I, the two assessments for capillary for- 
mation showed a good correlation. Analysis of EC by flow 
cytometry showed that 30 ftg/ml of RMAC11 fully saturated 
the a 2 /3i receptor binding sites (data not shown). With 



AK7, an enhancement of tube formation was also seen over 
the concentration range of 3-30 ng/ml. However, the ex- 
tent of enhancement was never as great as that seen with 
RMAC11. 
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Figure 4. Anti-a^i antibodies enhance capillary tube formation in 
collagen gels. EC were plated onto collagen gel in the presence of 
20 ng/ml PMA. To group B. QE2E5 was added at plating and to 
group C. RMAC1 1 both at a final concentration of 30 /xg/ml. 
Groups were assessed for tube formation 24 h later. Each photo- 
graph shows a representative field taken from one well of duplicate 
wells set up for each group. Similar results have been obtained more 
than 20 times using different EC lines. Magnification x60. 

The effect observed by RMACll and AK7 is unlikely to 
be due to nonspecific effects via Fc receptor mediated events 
since Fab : fragments of RMACll exhibit a similar en- 
hancement of tube formation as the whole Ig (data not 
shown). Furthermore, since Fab' fragments of RMACll 
were also able to enhance tube formation (data not shown), 
cross-linking of the antigen is also not likely to be responsi- 
ble for the enhancement. 

Pretreatment of the HUVEC with RMACll or AK7 for 15 



min either at room temperature or 37°C followed by washing 
to remove unbound antibody, did not result in enhanced tube 
formation (data not shown). 

The enhancement of tube formation was dependent on the 
addition of RMACll or AK7 within the first 2 h of cell plat- 
ing. If the antibodies were added after this, no enhancement 
of tube formation was evident (data not shown). 

Angiogenesis can also be induced in collagen gels in the 
presence of PMA by resuspending the cells within the gels 
rather than layering them on top of the gel (Madri et al., 
1988). Pretreatment of EC with PMA and RMACll before 
resuspension within the gel led to enhancement of tube for- 
mation over that seen with PMA alone (data not shown). 
Thus, the anti-a^3, antibodies were able to enhance tube 
formation whether the EC contact collagen in a polarized 
fashion or whether the cells are totally surrounded by the 
collagen matrix. 

Anti-aiPi Antibodies Induce Capillary Tube Formation 
in Rigid Gels 

The ability of RMACll and AK7 to enhance capillary tube 
formation was most strikingly evident when EC were plated 
onto rigid collagen gels formed after the collagen was gelled 
tor 1 h at 37 °C. Even in the presence of PMA, very little, 
if any, tube formation is seen with these rigid gels and the 
cells maintain a flat cobblestone appearance on top of the 
gel. However, the addition of RMAC1 1 (or AK7) with PMA 
-overcomes the inhibitory effect caused by the rigidity of the 
gel; the cells invade into the gel and capillary tubes and an 
anastomosing network are visible (Fig. 7, A-D) although not 
to the same extent as is normally seen on less rigid gels. 
Measurements of tube numbers from random high power 
fields from five separate experiments on rigid gels each using 
a different HUVEC line were made. The mean tube number 
with PMA alone was 1.0 ± 0.4 (mean ±SEM) and with 
RMACll was 39.2 ± 4.08 (p < 0.0005) clearly demonstrat- 
ing the promotional activity of RMAC1 1. One possibility for 
the antibodies enhancing the ability of the EC to breakdown 
and invade the gel . is by an increase in the synthesis of matrix- 
degrading enzymes such as collagenase. However, no change 
in the total level of active collagenase was observed either 
in normal gels or in rigid gels. The level of detection of col- 
lagenase by the assay used (see Materials and Methods) was 
10 ng/ml. In a representative experiment, the level of col- 
lagenase induced on collagen gels in the presence of 20 ng/ml 
PMA was 112 ± 5.9 and with PMA and RMACll 120 ± 
2.0 (mean ± SEM, n = 3). 

Effect of Anti-a 2 0j Antibodies on EC Morphology 

As was shown in Fig. 1, the addition of RMAC1 1 and AK7 
to HUVEC cultured on 2-D substrates of collagen, but not 
on gelatin or fibronectin, resulted in a decrease in the num- 
ber of cells attached when measured 2 h after plating. No 
differences were seen in the number of cells attached when 
measured at 4, 6, or 24 h after plating. On collagen gels, in 
the presence of QE2E5, the cells had become flattened and 
were beginning to adopt their characteristic cobblestone 
morphology (Fig. 8 A) when viewed 2 h after plating. In the 
presence of RMACll (or AK7), cells remained rounded 
(Fig. 8 B) for ~2-3 h after which time they flattened and 
no differences from control wells were seen. 
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Figure 5. High power photographs of capillary tubes formed on collagen gels in the presence of anti-integrin antibodies. EC were plated 
onto collagen gel in microtiter wells with 20 ng/ml PMA. A and B show one EC line, C and D another line, and E and F a third line. 
To one group (A t C, and £), 30 Mg/mJ of QE2E5 was added and to the other group (£, a and F), 30 /ig/ml RMAC11. All wells were 
incubated for 24 h. Each photograph shows a representative field taken from one well of duplicate wells set up for each group. Magnifica- 
tion X264. ' 



Anti-a 2 0, Antibodies Inhibit Endothelial 
Cell Proliferation 

Alterations in cell shape can have profound effects on 
proliferation, and EC proliferation is essential for tube ex- 
tension although not required for initial sprouting (Sholley 
etal., 1984; Folkman, 1982). The proliferative response of 
HUVEC in the presence of RMAC1 1 and AK7 was therefore 
measured. A decrease in EC proliferation in the presence of 
RM AC1 lor AK7 was seen when the cells were plated on a 
2-D matrix of collagen. This was clearly seen with RMAC1 1 



when the assay was performed in the presence of either 20 
(data not shown) or 2% FCS (Fig. 9). AK7, induced a sig- 
nificant level of inhibition only when 2 % FCS was used in 
the assays and this level of inhibition was less than that in- 
duced by RMAC1 1. The results in Fig. 9 have been normal- 
ized to the no antibody control. When the actual cell num- 
bers were counted in wells containing 30 fig/m\ QE2E5, 
AK7, or RMAC11 the increase in cell numbers was 2.6, 2.0, 
and 1.4-fold, respectively. These results clearly show that the 
ability of antibodies to inhibit proliferation appears to corre- 
late with enhancement of capillary formation. No inhibition 
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Figure 6. Effect of RMACll 
on tube length (jim A), width 
(fim B), and number (C) per 
high power field. EC were 
plated onto collagen gels in 
the presence of 20 ng/ml PMA*. 
30 /xg/ml of RMACll was 
added to half the wells. Each 
group contained duplicate 
wells. 24 h later the wells were 
photographed (magnification 
x264), random fields being 
taken for each well. From these 
photographs, the number, 
length, and width of tubes were 
calculated. The pooled results 
from four separate experiments 
using four different EC lines 
are shown for tube length and 
width (mean ± SEM). Each 
experiment showed a similar 
and significant increase with 
RMACl 1. In C, the tube num- 
bers for each experiment are 
' shown together with the mean 
± SEM (a) for the four exper- 
iments. * p < 0.005 compared 
to PMA alone. 



of proliferation was seen with either antibody when the cells 
were plated onto fibronectin or gelatin (data not shown). 

PMA Does Not Alter Expression of otj&i 
on Endothelial Cells 

One possibility for the effect of anti-0£ 2 /3i antibodies on cap- 
illary tube formation in collagen gels is that PMA may alter 
the surface expression of the o^fr molecule. To investigate 
this. HUVEC were plated onto collagen-coated microtiter 
wells at numbers to give either a confluent monolayer (that 
is nonproliferating) or a semiconftuent monolayer (that is to 
give a proliferating population) either in the presence or ab- 
sence of 20 ng/ml PMA. Huvec were also plated onto colla- 
gen gels in the presence or absence of PMA. 24 h later, the 



Table L Antibody RMACll Enhances Capillary Tube 
Formation in a Dose-dependent Manner 

Concentration of Measurement of capillary tubes Capillary tube 



RMACll 
(ng/ml) 


Number/field 


Length bun) 


Width (pm) 


formation 
{ + m + + + + ) 


0 


7 


43.9 ± 2.4 


6.1 ± 0.5 


+ 


0.3 


13 


46.5 ± 3.7 


7.6 ± 0.9 


+ + 


3 


33 


52.6 ± 5.4 


11.0 ± 1,6 


+ + + 


10 


50 


81.8 ± 8.0 


12.5 ± 0.8 


+ + + 


20 


87 


70.0 ± 4.5 


11.7 ± 0.9 


+ ~ + + 


30 


91 


75.4 ± 7.5 


11.0 ± 0.7 


4- + + + 



EC were plated onto a collagen gel in the presence of 20 ng/mJ PMA together 
with varying concentrations of RMACl 1 . Measurement of the number, length, 
and width of tubes was made from high power photographs taken at random 
from each well, the measurements for length and width are given as mean 
*SEM. The extent of capillary tube formation was also assessed and is given 
as + to + + + + based on the length, width, and number of capillary tubes. 
The results are shown for one experiment which was similar to three per- 
formed, each with a different EC line. 



cells were detached from the microtiter wells with trypsin 
or extracted from the gels with collagenase. The cells were 
stained with saturating concentrations of RMACl 1 followed 
by a fluorescein-conjugated sheep anti-mouse Fab 2 anti- 
body. There was no difference in the mean channel fluores- 
cence between confluent and semiconfluent cells either in the 
presence or absence of PMA, or between tube forming or 
nonforming cells suggesting that PMA within this time 
period did not alter the level of surface expression of a 2 /3 ( 
on HUVEC. 

Anti-VnR Antibodies Enhance Capillary Formation 
in Fibrin Gels 

Capillary tube formation also takes place in fibrin gels in the 
presence of PMA (Montesano et al., 1987). Adhesion of EC 
to fibrinogen is mediated through another integrin complex, 
the Gtvft (or vitronectin receptor, VnR). To determine 
whether tube formation in fibrin gels is enhanced in the pres- 
ence of antibodies which limit cell-matrix interactions, we 
used. two antibodies (LM609 or 13C2) which are directed to 
the a v f$ 3 complex and known to inhibit EC-fibrinogen adhe- 
sion (Cheresh and Spiro, 1987 and unpublished data). Fig. 
10 shows that otv/3? is also involved in the adhesion of 
HUVEC to fibrin, since anti-a v ft, antibody (LM609) par- 
tially inhibits attachment of HUVEC to fibrin-coated plastic 
(A) but not to collagen (B). Similar results were obtained 
with 13C2 (data not shown). As seen in Fig. 1 U tube forma- 
tion is enhanced in the presence of LM609 and similarly for 
13C2 (data not shown) although the level of tube formation 
was never as large as that seen in collagen with either 
RMACll or AK7. Functional effects with LM609 were ob- 
served with concentrations as low as 3 /xg/ml. In the initial 
1-2 h on fibrin gels, cells incubated with anti-a v # 3 antibody 
remained rounded and failed to flatten compared to cells 
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Figure 7. Anti-integrin anti- 
bodies promote tube forma- 
tion in rigid collagen gels. 
EC were plated onto collagen 
which had been allowed to gel 
for 1 h at 37 C C giving a more 
rigid gel than that obtained af- 
ter our normal gelling time of 
10-20 min. C and D are high 
powered views of A and B, re- 
spectively. 20 ng/ml of PMA 
was added to both groups, 30 
^g/ml of RMAC1 1 was added 
to B. Tube formation was as- 
sessed after 24 h. A and B 
magnification x80; C and 
D magnification x310. Each 
is a representative field of one 
well of duplicate wells set up 
for each group. The experiment 
has been performed at least six 
times using different EC lines 
and using either RMACU or 
AK7 wilh similar results be- 
ing obtained. 




Figure 8. Anti-integrin antibodies maintain EC in a rounded mor- 
phology and prevent cell spreading. EC were plated onto collagen 
1 gels with 20 ng/ml PMA either in the presence of 30 n&ml QE2E5 
(,4) or 30 jig/ml RMACIl (B). The cells were viewed at 1, 2, 3, 
4, and 6 h after p! a ling. These photographs were taken at 2 h after 
plating (magnification xl 10). Each shows a representative field of 
one well from duplicate wells set up for each group. The experi- 
ment has been performed on at least four separate EC lines with 
similar results. 
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Figure 9. Anti-a 3 0i antibodies inhibit EC proliferation. EC were 
plated onto collagen I-coated microtitre wells at 5 x 10* cells/ 
well in HUVEC medium containing 2% FCS either with QE2E5 
(•), RMACIl (♦), or AK7 (■) at various concentrations. The 
cells were incubated for 3 d at 37 °C, washed, fixed, stained with 
methylene blue, and the dye solubilized with ethanol. Absorbance 
was read at 630 nm. The OD630 of wells with no antibody was 
taken to give 100% proliferation. All other groups were normalized 
to this. The results show the mean ± SEM of four experiments 
where each point in each experiment was performed with six repli- 
cates. Groups containing RMACIl and AK7 were significantly 
different (p < 0.0001) from groups containing QE2E5 (ANOVA test 
for significance). 
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NIL LM609 RMAC11 NIL LM609 RMAC1 1 
ANTIBODY 

Figure 10. Anti-a v j3^ antibody partially inhibits EC adhesion to 
fibrin (A) but not to collagen (B). Fibrin-coated microtiter wells 
were formed by thrombin cleavage of fibrinogen followed by two 
washes in medium containing FCS. Antibodies as indicated were 
added at a final concentration of 30 ^g/ml to either fibrin (A) or 
collagen (fi)-coated wells. The plates were incubated at 37°C for , 
1 h. washed, and the number of attached cells assayed as given for 
Fig. 1. The results show the mean of triplicate wells for each group 
of one experiment representative of three experiments, p < 0.01 
compared to no antibody group on ettheT matrix. 

without antibody. Sections analyzed by light microscopy 
showed details similar to that observed in collagen gels. With 
PMA alone, small lumen formed by intracellular vacuoliza- 
tion were seen. In the presence of LM609 or 13C2 there was 
extensive cell-cell interactions and lumina were formed be- 
tween cells. Fig. 12 shows that in the presence of anti-a v /? 3 
antibody, the length, width, and the number of tubes were 
increased over that seen with PMA alone. Analysis of thin 
sections showed that with PMA alone, the majority of lumen 
were formed from single intracellular lumen although lu- 
mina formed from two cells were occasionally seen. In the 
presence of anti-a,j3 3 antibody, the majority of lumina 
(>70%) were formed from three cells with some lumina 
formed from four or five cells. The enhancement of tube for- 
mation seen with a 2 j3i antibodies and with anti-a v j33 anti- 
bodies was specific for the matrix used; a 2 j3i antibodies had 
no effect in fibrin gels and ol$* antibody had no effect in 
collagen gels (data not shown). 

Discussion 

The central finding of this study is that anti-integrin antibod- 



Figure II. Anti-av£j antibody promotes capillary formation in 
fibrin gels. 6.4 x 10* EC/well were plated onto fibrin gels in the 
presence of 20 ng/ml PMA. The anti-a^i antibody LM609 at a 
final concentration of 30 /ig/ml was added to group B. Cells were 
incubated overnight. A representative field of one well of duplicate 
wells in each group is shown (magnification xl !0). The experiment 
has been performed at least five times using a different EC line for 
each experiment, all giving similar results. 

ies are able to enhance the formation of capillary tubes in 
vitro. Functional monoclonal antibodies directed to the major 
integrin receptors for the tube-permissive matrices of colla- 
gen and fibrin enhanced capillary tube formation increasing 
the number, length, as well as width, lngber and Folkman 
(Ingber and Folkman, 1 989a ,b\ lngber, 1990, \99\a,b) pro- 
pose that changes in adhesivity (e.g. , by altering the density 
of ECM molecules), and therefore in the ability of the matrix 
to resist cell tension, may result in alteration in cell function 
such as proliferation and differentiation. Thus the mechani- 
cal forces between cells and their environment will govern 
their behavior. Our results showing that anti-integrin anti- 
bodies, which block adhesion, enhance tube formation sug- 
gest that angiogenesis may also be regulated by the adhe- 
sivity of EC for the matrix. The balance between cell and 
matrix adhesivity will clearly be important in determining 
the function of endothelial cells. 

In the presence of antibody (anti-u 2 j3i and anti-a»0 3 ); the 
first change observed was that the EC remained rounded, be- 
came less adhesive, and failed to spread when plated onto 
gels or 2-D matrices rather than adopting their normal cob- 
blestone, flattened morphology. It is known that alteration in 
cell shape can have profound effects on the function of many 
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Figure 12. Effect of LM609 on 
tube length (/im. A), width 
(^m, B), and number (C) per 
high power field. EC were 
plated onto fibrin gels in the 
presence of 20 ng/ml PMA, 
and 30 jig/ml LM609 was 
added lo half the wells. 24 h 
later the wells were photo- 
graphed (magnification X264), 
random fields being taken for 
each well . The number, length, 
and width of tubes were mea- 
sured from these photographs. 
The pooled results from two 
separate experiments are given 
for the length, width, and num- 
ber. * p < 0.05 compared to 
PMA alone. 



cells resulting in changes to cell proliferation and differentia- 
tion (Fplkman and Moscona, 1978). Gospodarowitz has 
reported that EC must become attached and flattened in or- 
der to proliferate and that those kept rounded in suspension 
fail lo divide (Gospodarowitz et al., 1978). Furthermore, 
there is a direct correlation between growth inhibition and 
decreases in cell extension (Ingber et.al., 1987). DNA, 
RNA, and protein synthesis- in anchorage dependent fibro- 
blasts is also inhibited if these cells are maintained in suspen- 
sion (Ben-Ze'ev, 1980). Differentiation and expression of 
genes which reflect a more differentiated state of hepato- 
cytes, chondrocytes, fibroblasts, and endothelial cells are 
linked to cell shape and act in reorganization (Aggeler et al., 
1984; DiPersioelal., 1991; Mallein-Gerin et al., 1991; Ing- 
berand Folkman. 1989a>; Ben-Ze'ev et al., 1988; Glowacki 
et aL, 1983; Unemori and Werb, 1986; Werb et al. , 1986). 
All these studies suggest that the mechanical interaction of 
cells with the ECM can regulate cell function. Since inte- 
grins interconnect the ECM with the cyto-skelcton, they are 
likely to be involved in the transmission of signals between 
the cell and its ECM. The biochemical signals (termed 
mechanotransducers) which are generated as a result of me- 
chanical forces or integrin activation arc unknown at present 
but phosphorylation (Romberg etal.. 1991), activation of the 
NaVH* exchanger (Ingber, 1990), Ca* + mobilization, and 
adenylate cyclase (for review see Watson, 1991; Ingber, 
199U?) have been implicated. 

In the studies reported here, the decrease in the adhesion 
and change in cell shape of EC with anti-integrin antibodies, 
resulted in an inhibition in proliferation and in a promotion 
of differentiation as measured by capillary tube formation. 
These alterations in cell function were matrix specific, that 
is anti-of 2 /5, antibodies inhibited EC proliferation and en- 
hanced cell differentiation only on a collagen but not on a 
fibrin gel, while anti-a v & showed effects on fibrin but not 
on collagen gels. Thus, the effect of anti-integrin antibodies 
on angiogenesis is ligand dependent. Furthermore, the anti- 
body mediated effects are time dependent. No enhancement 



of capillary formation was observed when the antibodies 
were added more than 2 h after cell plating, paralleling the 
time dependency seen with the antibodies on EC adhesion 
and cell shape. 

EM revealed striking qualitative changes in tubes with 
anti-integrin antibodies. In the absence of RMAC11, the 
majority of lumina were formed within single cells in a man- 
ner reported by Folkman and Haudenschild (1980). How- 
ever, with RMAC11, the majority of lumina were formed 
from multiple cells with clear cellular borders between cells 
making up the vessel (Fig. 3 B). Using fibrin gels and anti- 
avft antibodies, lumina were also formed from multiple 
cells. Thus anti-integrin antibodies not only alter the degree 
of tube formation taking place but also influence the pheno- 
type of tubes. The relationship between intracellular and in- 
tercellular lumina is not known at present but one possibility 
is that intercellular lumen form from coalescence of intracel- 
lular vacuole-like structures with the plasma membrane and 
that these structures define stages in tube formation. Clearly, 
our in vitro model of angiogenesis may allow a more detailed 
examination of the stages involved in capillary formation. 

The enhancement of capillary tube formation with anti- 
integrin antibodies was dependent on the presence of PMA 
since the antibodies alone had no effect. Thus, one signal for 
tube formation is likely to be protein kinase C-dependent. 
Indeed activators of protein kinase C inhibit the proliferation 
of EC in response to mitogens (Doctrow and Folkman, 
1987). One possibility for our results is that the antibodies 
enhance PMA-mediated signals. This, however, is unlikely 
since the antibodies do not enhance tube formation on an in- 
appropriate matrix. That is, anti-0£ 2 /3i antibody had no 
effect on fibrin gels, and anti-a v /3 3 antibody had no effect on 
collagen gels even though tube formation can take place on 
these matrices. This data therefore suggests that the antibod- 
ies do not directly signal the cell to undergo tube formation. 
This -is further supported by the fact that pretreatment of 
HUVEC with the antibodies and removal by washing does 
not result in enhanced tube formation. 
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No capillary tube formation is induced on collagen geis 
that are too rigid even in the presence of PMA. The cells 
form a confluent monolayer and little or no invasion into the 
matrix takes place suggesting that EC differentiation was in- 
hibited by the rigid ECM. However, anti-ori0, antibody on 
rigid gels in the presence of PMA did induce EC invasion 
into the gel and subsequent tube formation. The cells in the 
presence of RMAC1 1 were more rounded than with control 
antibody and failed to spread and flatten. A consequence of 
changes in cell shape, adhesion, and signaling may be an al- 
teration in the level of matrix degrading enzymes such as col- 
lagenase. However, we observed no change in the total col- 
lagenase produced by the EC in the presence of RMAC1 1. 
One possibility to explain these results is that there is an al- 
teration in the site of collagenase release rather than an alter- 
ation in the overall level of production. Enzyme redistribu- 
tion has been demonstrated for urokinase plasminogen 
activator (uPA) after anti-fibronectin antibody binding to 
rabbit fibroblasts (Werb et al., 1989). Thus, as a conse- 
quence of antibody-integrin binding (and perhaps integrin 
redistribution and change in cell shape) collagenase may be 
redirected to specific localized areas resulting in enhanced 
cell motility and gel invasion. In addition, since activation 
of collagenase can occur via cleavage by uPA measurement 
of uPA or its receptor may indicate altered enzyme activity 
(Mignatti et al., 1991). 

Another possibility to explain the enhancement of tube 
formation by the antibodies is that the binding of the anti- 
integrin antibodies to their antigen may simply limit the 
number of receptors available for cell-matrix interactions 
thereby resulting in enhanced motility of the cell within the 
matrix. Indeed, an alteration in the adhesivity of EC for 
different matrices via changes in the level of expression of 
the integrins, aijSi and otvft, can be achieved by cytokines 
such as tumor necrosis factor and interferon-7 (Defilippi et 
al., \99la,b). The anti-integrin antibodies may also limit the 
number of focal contacts which can form an important func- 
tion mediated through the /? subunit (Solowska ct al., 1989), 
reducing adhesion, and enhancing the lateral mobility of the 
integrins within the cell membrane. This lateral mobility of 
integrins is known to be important for cell movement (Du- 
band et al., 1988). Alternately, the limitation in the available 
number of functional cx 2 &\ or <x v &\ molecules may redirect 
the cell to use other integrin molecules. It is interesting to 
note that RMACll or AK7 cannot totally inhibit HUVEC 
binding to collagen. Anti-/3, antibodies further inhibit this 
adhesion suggesting that other £1 integrins are involved, 
a^i and a : ,/3 t are able to mediate adhesion to collagen at 
least in some cells (Defilippi et al., 1991a; Hemler et al., 
1990). Whether these integrins can participate in angiogene- 
sis remains to be determined. The use of alternate matrix 
receptors may induce a different set of signals which in our 
system is manifested in enhanced capillary formation. Using 
chimeric constructs transfected into RD cells, Chan et al. 
(Chan eta!., 1992) have shown that the cytoplasmic domains 
of the integrin receptors can mediate different signals ir- 
respective of the ligand-binding event. 

Angiogenesis is clearly a complex event that can be regu- 
lated at multiple levels. In this paper we have demonstrated 
that the extent of capillary tube formation can be enhanced 
by the use of anti-integrin antibodies specific for a given 
receptor-ligand system which inhibit cell-matrix adhesion. 



These antibodies have profound effects on cell shape, adhe- 
sion, proliferation, and subsequent cell differentiation. A 
corollary of the work presented here suggests that anti- 
integrin antibodies which promote cell adhesion to the ECM 
will actually inhibit in vitro angiogenesis. Thus regulation of 
angiogenesis may be mediated through alteration in the ma- 
trix (as has been shown previously), or as our results sug- 
gest, by alteration in the function of matrix-adhesion recep- 
tors on 'the EC. 
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VEGF-C alignment 



-1 50. 

Hum HKXiLG.FFSVA CSLLAAALLP GFREAPAAAA AFESGLDLSD ■ AEFDAGEATA 

Mou MELLCFLSLA CSLLAAALIF SFREAFATVA AFESGLGFSE AEPDGGEVKA 

Qua MHLLEKLSLG CCLAAGAVLL GFRQFPVA.A AYESGHGYYE EEPGAGEPKA 

51 100 

Hum YASKDLEEQL RSV6BVDELM TVLYPEYWKM YKCQLRKGGW QHNREQANLN 

MOU FEGKDLEEQL REVS BVDELM SVLYFDYWKM YKCQLRKGGW Q . . . . QPTLN 

Qua HASKDLEEQL RSVSSVDELM TVLYPEYWKM FKCQLRKGGW QHNREHSSSD 

101 15D 

Hum SRTEETIKFA AAHYNTEILK SIDNEWRKTQ CKPREVCIDV GKEFGVATNT 

MOU TRTGDSVKFA AAHYNTEILK 6IDNEWRKTQ CKPREVCIDV GKEFGAATNT 

Qua TRSDDSLKFA AAHYKAEILK 6IDTEWRKTQ GHFREVCVDL GKEFGATTNT 

151 200 

Hum FFKPPCVSVY RCGGCCNSEG LQCMNTETSY LSKTLFEITV PLSQGPKFVT 

Mou FFKPPCVSVY RCGGCCNSEG LQCKNTETGY LSKTLFEITV PLSQGPKFVT 

Qua FFKFFCVSIY RCGGCCNSEG LQCHNISTNY ISKTLFEITV PLEHGPKPVT 

201 250 

Hum IEFANHTSCR CMS KLD VYRQ VHSIIRRSLP ATLPQCQAAN KTCFTNYMWN 

MOU IEFANHTSCR CMS KLD VYRQ VHSIIRRBLP ATLPQCQAAN KTCPTNYVWN 

Qua VBFANHTSCR CHSKLDVYRQ VHSIIRRSLP ATQTQCHVAN KTCPKNHVWN 

251 300 

Hum NHICRCLAQE DFMFSSDAGD DSTDGFHDIC GPNKELDEET CQCVCRAGLR 

MOU NYMCRCLAQQ DFIFYSNVED DSTNG FHDVC GFNKELDEDT CQCVCKGGLR 

Qua NQICRCLAQH DFGFSSHLGD SDTSEGFHIC GPNKELDEET CQCVCKGGVK 

301 350 

Hum PASCGPHKEL DRN6CQCVCK NKLFFSQCGA NREFDENTCQ CVCKRTCPRN 

Mou PSSCGPHKEL DRDSCQCVCK NKLFPNSCGA NREFDENTCQ CVCKRTCPRN 

Qua FIBCGPHKEL DRASCQCMCK NKLLPSSCGP NKEFDEEKCQ CVCKKTCPKH 

351 400 

Hum QPLNPGKCAC ECTESPQKCL LKGKKFHHQT CSCYRRPCTN RQKACEPGFS 

Mou QPLNPGKCAC ECTENTQKCF LKGKKFHHQT CSCYRRPCAN RLKHCDPGLS 

Qua HPLNPAKCIC ECTESPNKCF LKGKKFHHQT CBCYRPPCTV RTKRCDAGFL 



401 420 
Hum YSEEVCRCVP SYWKRPQMS* 
MOU FSEEVCRCVP SYWKRFHLN- 
Qua LAEEVCRCVR TSWKRFLMN* 
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VASCULAR ENDOTHELIAL GROWTH 
FACTOR C (VEGF-C) ACYS Mrt PROTEIN 
AND GENE, AND USES THEREOF 

FIELD OF THE INVENTION 

The present invention generally relates to the field of 
genetic engineering and more particularly to growth factors 
for endothelial cells and growth factor genes. 

■ BACKGROUND OF THE INVENTION 

Developmental growth, the remodeling and regeneration 
of adult tissues, as well as solid tumor growth, can only 
occur when accompanied by blood vessel formation. Angio- 
blasts and hematopoietic precursor cells differentiate from 
the mesoderm and form the blood islands of the yolk sac and 
the primary vascular system of the embryo. The develop- 
ment of blood vessels from these early (in situ) differenti- 
ating endothelial cells is termed vasculogenesis. Major 
embryonic blood vessels arc believed to arise via 
vasculogenesis, whereas the formation of the rest of the 
vascular tree is thought to occur as a result of vascular 
sprouting from pre-existing vessels, a process called 
angiogenesis, Risauet al.,De\>el Biol, 125:441-450(1988). 
. Endothelial cells give rise to several types of functionally 
and morphologically distinct vessels. When organs differ- 
entiate and begin to perform their specific functions, the 
phenotypic heterogeneity of endothelial cells increases. 
Upon angiogenic stimulation, endothelial cells may re-enter 
the cell cycle, migrate, withdraw from the cell cycle and 
subsequently differentiate again to form new vessels lhal are 
functionally adapted to their tissue environment. Endothelial 
cells undergoing angiogenesis degrade the underlying base- 
ment membrane and migrate, forming capillary sprouts that 
project into the perivascular stroma. Ausprunk et al., 
Microvasc. Rev, 14:51-65 (1977). .Angiogenesis during 
tissue development and regeneration depends on the tightly 
controlled processes of endothelial cell proliferation, 
migration, differentiation, and survival. Dysfunction of the 
endothelial cell regulatory system is a key feature of many- 
diseases. Most significantly, tumor growth and metastasis 
have been shown to be angiogenesis dependent. Folkman el 
al.,/. Biol Chem., 267:10931-10934 (1992). 

Key signals regulating cell growth and differentiation are 
mediated by polypeptide growth factors and their transmem- 
brane receptors, many of which are tyrosine kinases. Auto- 
phosphorylaied peptides within the tyrosine kinase insert 
and carboxyl-terminal sequences of activated receptors are 
commonly recognized by kinase substrates involved in 
signal transduction for the readjustment of gene expression 
in responding cells. Several families of receptor tyrosine 
kinases have been characterized. Van dcr Gccr ct al., Ann. 
Rev Cell Biol, 10:251-337 (1994). The major growth 
factors and receptors transducing angiogenic stimuli are 
schematically shown in FIG. 1. 

Fibroblast growth factors are also knnwn to he involved 
in the regulation of angiogenesis. They have been shown to 
be mitogenic and chemotactic for cultured endothelial cells. 
Fibroblast growth factors also stimulate the production of 
proteases, such as collagenases and plasminogen activators, 
and induce tube formation by endothelial cells. Saksela et 
al. : Ann. Rev. Cell Biol, 4:93-126 (1988). There are two 
general classes of fibroblast growth factors, FGF-1 and 
FGF-2, both of which lack conventional signal peptides. 
Both types have an affinity for heparin and FGF-2 is bound 
to heparin sulfate proteoglycans in the subendothelial extra- 
cellular matrix from which it may be released after injury, 
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Heparin potentiates trie-stimulation of endothelial cell pro- 
liferation by angiogenic FGFs, both by protecting against 
denaturation and degradation and dimerizing the FGFs. 
Cultured endothelial cells express the FGF-1 receptor but no 

5 significant levels of other high-affinity fibroblast growth 
factor receptors. 

Among other ligands for receptor tyrosine kinases, the 
platelet derived growth factor, PDGF-RR, has been shown to 
be weakly angiogenic in the chick chorioallantoic mem- 

1; . brane. Risau et al., Growth Factors, 7:261-266 (1992). 
Transforming growth factor a (TGFa) is an angiogenic 
factor secreted by several tumor cell types and by macroph- 
ages, llepatocytc growth factor (IIGF) : the Hgand of the 
c-met 'proto-oncogene-enended receptor, also is strongly 

^ angiogenic. 

Recent evidence shows that there arc endothelial cell 
specific growth factors and receptors that may be primarily 
responsible for the stimulation of endothelial cell growth, 
differentiation and certain differentiated functions. The best 
studied of these is vascular endothelial growth factor 
(VEGF), a member of the PDGF family. Vascular endothe- 
lial growth factor is a diraeric glycoprotein of disulfide- 

\ linked 23 kD subunits. Other reported effects of VEGF 
include the mobilization of intracellular calcium, the induc- 

>5 lion of plasminogen activator and plasminogen activator 
inhibitor- 1 synthesis, stimulation of hexose transport in 
endothelial cells, and promotion of monocyte migration in 
vitro. Four VEGF isoforms, encoded by distinct mRNA 
splice variants, appear to be equally capable of stimulating 

33 mitogencsis in endothelial cells. However, each isoform has 
, a different affinity for cell surface proteoglycans, which 
behave as low affinity receptors for VEGF The 121 and 165 
amino acid isoforms of VEGF (VEGF 121 and VEGF165) 
are secreted in a soluble form, whereas the isoforms of 189 

^5 and 206 amino acid residues remain cell surface -associated 
and have a strong affinity for heparin. VEGF was originally 
purified from several sources on the basis of its mitogenic 
activity toward endothelial cells, and also by its ability to 
induce microvascular permeability, hence it is also called 

4: vascular permeability factor (VPF). 

The pattern of VEGF expression suggests its involvement 
in the development and maintenance of the normal vascular 
system and in tumor angiogenesis. During murine 
development, the entire 7.5 day post-coital (p.c.) eudoderm 

45 expresses VEGF and the ventricular neuroectoderm pro- 
duces VEGF at the capillary ingrowth stage. See Dreier et 
aL, Development, 114:521-523 (1992). On day two of quail, 
development, the vascularized area of the yolk sac as well as 
the whole embryo show expression of VEGF. In addition, 

5G epithelial cells next to fenestrated endolhelia in adull mice 
show persistent VEGF expression, suggesting a role in the 
maintenance of this specific endothelial phenotype and 
function. 

Two high affinity receptors for VEGF have been charac- 
55 terized. These are VEGFR-l/Flt-1 (fms-like tyrosine kinase - 
1) and VEGFR-2/Kdr/Flk-I (kinase insert domain contain- 
ing receptor/fetal liver kinase- 1). Those receptors are 
classified in the PDGF-receptor family, but ihey have seven 
• rather than five immunoglobulin-like loops in their extra- 
63 cellular domain (see FIG. 1) and they possess a longer 
kinase insert than normally observed in this family. The 
expression of VEGF receptors occurs mainly in vascular 
endothelial cells, although some may be present on hemato- 
poietic progenitor cells, monocytes, and melanoma cells. 
65 Only endothelial cells have been reported to proliferate in 
response to VEGF, and endothelial cells from different 
sources show different responses. Thus, the signals mediated 
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through VEGFR-1 and VEGFR-2 appear to be cell type 
specific. The VEGF-relaied placenta growth factor (P1GF) 
was recently shown 10 bind to VEGFR-1 with high affinity. 
P1GF was able io. enhance the growth factor activity of 
VEGF, but it did not stimulate endothelial cells on its own. 
Naturally occurring V'EGF'PIGF heterodimers were nearly 
as potent mitogens as VEGF homodimers for endothelial 
cells. Oao'ct al., J. Biol. Chem., 271:3154-62 (1996). 

The Flt4 receptor tyrosine kinase (VEGFR-3) is closely 
related in structure to the products of the VEGFR-1 and 
VEGFR-2 genes. Despite this similarity, the mature form of 
Flt4 differs from the VEGF receptors in that it is proteolyti- 
cally cleaved in the extracellular domain into two disul fide- 
linked polypeptides. Pajusola. et al., Cancer Res., 
52:5738-5743 (1992). The 4.5 and 5.8 kb Flt4 mRNAs 
encode polypeptides which differ in their C-lermini due to 
the use of alternative 3' exons. Isoforms of VEGF or P1GF 
do not show specific binding to Flt4 or induce its autophos- 
phorylation. 

Expression of Fll4 appears to be more restricted than the 
expression of VEGFR-1 or VEGFR-2. The expression of 
FU4 first becomes delectable by in situ hybridisation in the 
angioblasts of head mesenchyme, the cardinal vein, and 
extraembryonically in the allantois of 8.5 day p.c. mouse 
embryos. In 12.5 day p.c. embryos, the Flt4 signal is 
observed in developing venous and presumptive lymphatic 
endolhelia. but arterial endolhelia appear negative. During 
later stages of development, Flt4 mRNA becomes restricted 
to developing lymphatic vessels. The lymphatic endolhelia 
and some high endothelial venules express Fit 4 mRNA in 
adult human tissues and increased expression occurs in 
lymphatic sinuses in metastatic lymph nodes and in lym- 
phangioma. These results support the theory of the venous 
origin of lymphatic vessels. 

Five endothelial cell specific receptor tyrosine kinases, 
Ht-1 (VEGFR-1), KDR/Hk-1 (VEGFR-2)* Flt4 (VKGFR- 
3), Tic, and Tck/Tic-2 have so far been described, which 
possess the intrinsic tyrosine kinase activity essential for 
signal transduction. Targeted mutations inactivating Flt-1, 
Flk-1, Tie, and Tek in mouse embryos have indicated their 
essential and specific roles in vasculogenesis and angiogen- 
esis at the molecular level. VEGFR-1 and VEGFR-2 bind 
VEGF with high affinity (K y 16 pM and 760 pM, 
respectively) and VEGFR-1 also binds the related placenta 
growth factor (P1GF; K rf about 200 pM). A ligand for Tek is 
reported in PCT patent' publication WO 96.(11269. 



SUMMARY OF THE INVENTION 

The present . invention provides a ligand, designated 
VEGF-C, for the Flt4 receptor tyrosine kinase (VEGFR-3). 
Thus, the invention provides a purified and isolated polypep- 
tide which is capable of binding to the FU4 receptor tyrosine 
kinase. Preferably, an Flt4 ligand of the invention is capable 



from conditioned media from a PC-3 prostatic adenocarci- 
noma cell line, the cell line having ATCC Acc. No. CRL 
1435. .Amino acid sequencing of this PC-3 cell-derived 
ligand polypeptide revealed that the ligand polypeptide 
comprises an amino terminal amino acid sequence set forth 
in SEQ ID NO: 5. A conditioned medium comprising an Flt4 
ligand is itself an aspect of the invention. The present 
invention also provides a new use for the PC-3 prostatic 
adenocarcinoma cell fine which produces an Fll4 ligand. In 
a preferred embodiment, the" ligand may be purified and 
isolated directly from the PC-3 cell culture medium. 

In a highly preferred embodiment, the ligand polypeptide 
comprises a fragment of the amino -acid sequence shown in 
SEQ ID NO: 8 which specifically binds to the human Flt4 
receptor tyrosine kinase. Exemplary fragments include: a 
polypeptide comprising an amino acid sequence set forth in 
SEQ ID NO: 8 from about residue 112 to about residue 213; 
a polypeptide comprising an amino acid sequence from 
about "residue 104 to about residue 227 of SEQ ID NO: 8; 
and a polypeptide comprising an amino acid sequence from 
about residue 112 to about residue 227 of SEQ ID. NO: S. 
Other exemplary fragments include polypeptides compris- 
ing -amino acid sequences of SEQ ID NO: 8 that span, 
approximately, the following residues: 31-213, 31-227, 
32-227, 103-217, 103-225, 104-213, 113-213, 103-227, 113- 
227, 131-211, 161-211, 103-225, 227-419, 228-419, 31-419, 
and i-419, as described in greater detail below. 

The present invention also provides one or more polypep- 
tide precursors of an Fll4 ligand, wherein une such precursor 
(designated "prepro- VEGF-C") comprises the complete 
amino acid sequence (amino acid residues 1 to 419) shown 
in SEQ ID NO: 8. Thus, the invention includes a purified and 
isolated polypeptide having the amino acid sequence of 
residues 1 to 41 9. shown in SEQ ID NO: 8. Ligand precur- 
sors according to the invention, when expressed in an 
appropriate host cell, produce, via cleavage, a polypeptide 
which binds specifically to the FU4 receptor tyrosine kinase . 
A putative 102 amino acid leader (prepro) peptide has been 
identified in the amino acid sequence shown in SEQ ID NO: 
8. Thus, in a related aspect, the invention includes a purified 
and isolated polypeptide having the amino acid sequence of 
residues 103-41*9 shown in SEQ ID NOf 8. 

In one embodiment, an expressed FU4 ligand polypeptide 
precursor is proteolytically cleaved upon expression to pro- 
. duce an approximately 23 kD Flt4 ligand polypeptide. Thus, 
an Flt4 ligand polypeptide is provided which is the cleavage 
product of the precursor polypeptide shown in SEQ ID NO: 
8 and which has a molecular weight of approximately 23 kD 
under reducing conditions. 

Putative VEGF-C precursors/processing products consist- 
ing of polypeptides with molecular weights of about 29 and 
32 kD also are considered aspects of the invention. 

In another embodiment, an expressed FU4 ligand 



of stimulating tyrosine phosphorylation of Fli4 receptor 55 polypeptide precursor is proteolytically cleaved upon 



tyrosine kinase in a host cell expressing the Flt4 receptor 
tyrosine kinase. Preferred ligands of the invention are mam- 
malian polypeptides. Highly preferred ligands are human 
polypeptides. As explained in detail below, dimcrs and 
multimers comprising polypeptides of the invention linked 
to each other or lo other polypeptides are specifically 
contemplated as ligands of the invention. 

In one embodiment, an Flt4 ligand polypeptide has a 
molecular weight of approximately 23 kD as determined by 
SDS-PAGE under reducing conditions. For example, the 
invention includes a ligand composed of one or more 
polypeptides of approximately 23 kD which is purifyable 



expression to produce an approximately 21 kD VEGF-C 
polypeptide. Sequence analysis has indicated that an 
observed 21 kD form has an amino terminus approximately 
9 amino acids downstream from the amino terminus of the 
6C 23 kD form, suggesting that alternative cleavage sites exist. 
From the foregoing, it will be apparent that an aspect of 
the invention includes a fragment of the purified and isolated 
polypeptide having the amino acid sequence of residues 1 to 
419 shown in SEQ ID NO: 8, the fragment being capable of 
65 specifically binding to Flt4 receptor tyrosine kinase. Pre- 
ferred embodiments include fragments having an apparent 
molecular weight of approximately 21/23 kD and 29/32 kD 
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as assessed by SDS-PAGE under reducing conditions. More 
generally, 'the invention includes a purified and isolated 
polypeptide according to claim 1 that is a. VEGF-C of 
vertebrate origin, wherein the VEGF-C has a molecular 
weight of about 21-23 kD, as assessed by SDS : PAGE under 
reducing conditions, and wherein the VEGF-C is capable of 
binding to FU4 receptor tyrosine kinase (VEGFR-3). 

Evidence suggests that the amino acids essential for 
retaining Flt4 ligand activity are contained within approxi- 
mately amino acids 103/112-226/227 of SEQ ID NO: 8, and 
that a carboxy-tcrminal proteolytic cleavage to produce a 
mature, naturally-occurring Flt4 ligand occurs at the 
approximate position of amino acids 226-227 of SEQ ID 
NO: 8. Accordingly, a preferred FU4 ligand comprises 
approximately amino acids 103-227 of SEQ ID NO: 8. 

VEGF-C mutational analysis described herein indicates 
that a naturally occurring VEGF-C polypeptide spanning 
amino acids 103-227 of SEQ ID NO: 8, produced by a 
natural processing , cleavage that defines the C-terminus, 
exists and is biologically active as an Flt4 ligaud. A polypep- 
tide fragment consisting of residues 1 04-21 3 of SEQ ID NO: 
8 has been shown to retain VEGF-C biological activity. 
Additional mutational analyses indicate that a polypeptide 
spanning only amino acids 113-213 of SEQ TD NO: S 
-retains Flt4 ligand activity. Accordingly, preferred polypep- 
tides comprise sequences spanning, approximately, amino 
acid residues 1 03-227, 1 04-2 1 3, or 1 1 3-21 3, of SEQ ID NO: 
8. 

Moreover, sequence comparisons of members of the 
VEGF family of polypeptides provide an indication that still 
smaller fragments will retain biological activity, and such 
smaller fragments are intended as aspects of the invention. 
In particular, eight highly conserved cysteine residues of the 
VEGF family of polypeptides define a region from residue 
131 to residue 211 of SEQ ID NO: 8 (see FIGS. 10 & 32); 
therefore, a polypeptide spanning from about residue 131 to 
about residue 211 is expected lo retain VEGF-C biological 
activity. In fact. -a polypeptide comprising approximately 
residues 161-211, which retains an evolutionarily-conserved 
RCXXCC motif, is postulated to retain VEGF-C activity, 
and therefore is intended as an aspect of the invention. 

In addition to binding FU4, VEGF-C polypeptides are 
shown herein to bind and activate kdr/rlk-1 receptor tyrosine 
kinase (VEGFR-2). Thus, the invention includes a purified 
and isolated polypeptide that is capable of binding to at least 
one of kdr receptor tyrosine kinase (VEGFR-2) and FU4 
receptor tyrosine kinase (VEGFR-3). the polypeptide com- 
prising a portion of the amino acid sequence in SEQ ID NO: 
8 effective to permit such binding. In one preferred 
embodiment, the portion of the amino acid sequence in SEQ 
ID NO: 8 is a continuous portion having as its amino 
terminal residue an amino acid between residues 102 and 
161 of SEQ ID NO: S and having as its carboxy terminal 
residue an amino acid between residues 210 and 228 of SEQ 
ID NO: S. In a highly preferred embodiment, the portion has, 
as its amino terminal residue, an amino acid between resi- 
dues 102 and 131 of SEQ ID NO: 8. In a very highly- 
preferred embodiment, the portion of the amino acid 
sequence in SEQ ID NO: 8 is a continuous portion having 
as its amino terminal residue an amino acid between resi- 
dues 102 and 114 of SEQ ID NO: 8 and having as its carboxy 
terminal residue an amino acid between residues 212 and 
228 of SEQ ID NO: 8. Polypeptides of the invention which 
bind to and activate a receptor (e.g., VEGFR-2 or VCGFR-3) 
are useful for stimulating VEGF-C biological activities that 
are mediated through the receptor. Polypeptides of the 
invention which bind to but do not activate a receptor are 
useful for inhibiting VEGF-C activities mediated through 
that receptor. 



0,071 

6 

The definition of polypeptides of the invention is intended 
to include within its scope variants thereof. The polypeptide 
variants contemplated include purified and isolated polypep- 
tides having amiDo acid sequences that differ from the exact 

5 amino acid sequences of such polypeptides (e.g., VEGF-C, 
VEGF-C precursors and VEGF-C fragments) by conserva- 
tive substitutions, as recognized by those of skill in the art, 
that are compatible with the retention of at least one 
VEGF-C biological activity or VEGF-C-inhibitory activity 

r . of the polypeptide. The term "variants," when used to refer 
to polypeptides, also is intended to include polypeptides 
having amino acid additions, including but not limited to 
additions of a methionine and/or leader sequence to promote 
translation and/or secretion; additions of peptide sequences 

1S to facilitate purification (e.g., polyhistidine sequences and/or 
epitopes for antibody purification); and additions of 
polypeptide -encoding sequences to produce fusion proteins 
with VEGF-C. The term "variants" also is intended to 
include polypeptides having amino acid deletions at the" 

,„ amino terminus, the carboxy terminus, or internally of 
amino acids that are non-conserved amongst the human, 
mouse, and quail VEGF-C sequences taught herein, and that 
are compatible with the retention of the VEGF-C or VEGF- 
C-inhibitory- activity of the polypeptide to which the dele- 

1(i lions have been made. 

The term ^'variant" also is intended to include polypep- 
tides having modifications to one or more amino acid 
residues that are compatible with retaining VEGF-C or 
VEGF-C inhibitory activity of the polypeptide. Such modi- 

33 fications include glycosylations (identical or different to 
glycosylations of native VEGF-C); and the addition of other 
substituents (e.g., labels, compounds to increase serum 
half-life (e.g., polyethylene glycol), and the like. 

Additional polypeptides of the invention include certain 

■*5 fragments that have been observed to result from the pro- 
cessing of prepro- VEGF-C into mature VEGF-C. For 
example, the invention includes a purified and isolated 
polypeptide having a molecular weight of about 29 kD as 
assessed by SDS-PAGE under reducing conditions and 

40 having an amino acid sequence consisting essentially of a 
portion of SEQ ID NO: 8 having residue 228 of SEQ ID NO: 
8 as its amino terminal amino acid residue; and a purified 
and isolated polypeptide having a molecular weight of about 
15 kD as assessed by SDS-PAGE under reducing conditions 

45 and having an amino acid sequence consisting essentially of 
a portion of SEQ ID NO: 8 having residue 32 of SEQ ID 
NO: 8 as its amino terminal amino acid residue. Such 
polypeptides are expected to modulate VEGF-C biological 
activity through their interactions with VEGF-C receptors 

53 and/or interactions with biologically active VEGF-C. 

Some of the conserved cysteine residues in VEGF-C 
participate in interchain disulfide bonding to make homo- 
and helerodimers of the various naturally occurring 
VEGF-C polypeptides. Beyond the preceding 

55 considerations, evidence exists that VEGF-C polypeptides 
■ lacking interchain disulfide bonds retain VEGF-C biological 
activity. Consequently, the materials and methods of the 
invention include all VEGF-C fragments that retain at least 
one biological activity of VEGF-C, regardless of the pres- 

6Z ence or absence of interchain disulfide bonds. The invention 
also includes lnultimers (including dimers) comprising such 
fragments linked to each other or to other polypeptides. 
Fragment linkage may be by way of covalent bonding (e.g., 
disulfide bonding) or non-covalent bonding of polypeptide 

65 chains (e.g, hydrogen bonding, bonding due to stable or 
induced dipole-dipole interactions, bonding due to hydro- 
phobic or hydrophilic interactions, combinations of these 
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bonding mechanisms, and the like). Thus, ihc invention 
includes a purified and isolated polypeptide multimer. 
wherein at least one monomer thereof is a polypeptide that 
is capable of binding to VEGFR-2 and/or VEGFR-3, the 
polypeptide comprising a portion of the amino acid 
sequence in SEQ ID NO: S effective to permit such binding, 
and wherein the multimer itself is capable of binding to 
VEGFR-2 and/or VEGFR-3. In a preferred embodiment, the 
multimer has at least one VEGF-C biological activity as 
taught herein. 

In one embodiment, at least one monomer of the multimer 
is a polypeptide from another member of the PDGF. VEGF 
family of proteins, e.g., a vascular endothelial growth facior 
(VEGF) polypeptide, a vascular endothelial growth factor R 
(VEGF-B) polypeptide', a platelet derived growth factor A 
(PDGF-A) polypeptide, a platelet derived growth factor B 
(PDGF-B) polypeptide, a c-fos induced growth factor 
(FIGF) polypeptide, or a placental growth factor (P1GF) 
polypeptide. 

In a highly preferred embodiment, the multimer of the 
invention is a dimer of two monomer polypeptides. For 
example, the invention includes a dimer wherein each 
monomer thereof is capable of binding to at least one of 
VEGFR-2 aDd VEGFR-3 and has an amino acid sequence 
comprising a portion of SEQ ID NO: S effective to permit 
such binding. Dimers having covalent attachments and 
dimers wherein the two monomers are free of covalent 
attachments to each other are contemplated. 

In yet another aspect, the invention includes analogs of 
" the polypeptides of the invention. The term "analog'' refers 
to polypeptides having alterations involving one or more 
amino acid insertions, internal amino acid deletions, and/or 
non-consen'alive amino acid substitutions (replacements). 
The definition of analog is intended to include within its 
scope variants of analog polypeptides embodying such alter- 
ations. The term ''mutant," when used with respect to 
polypeptides herein, is intended to refer generically to 
VEGF-C variants, VEGF-C analogs, and variants of 
VEGF-C analogs. 

For example, in one embodiment, the invention includes 
a polypeptide analog of a VEGF-C of vertebrate origin that 
is capable of binding to VEGFR-3 (e.g., an analog of a 
vertebrate VEGF-C of about 21-23 kJD as assessed by 
SDS-PAGE under reducing conditions), wherein an evolu- 
tionarily conserved cysteine residue in the VEGF-C has 
been deleted or replaced, and wherein the analog is capable 
of binding to VEGFR-3 and has reduced VEGFR-2 binding 
affinity relative to the wildtype VEGF-C. For analogs 
according to this embodiment of the invention, the determi- 
nation that a residue is "evolutionarily conserved" is made 
solely by reference to the alignment of human, mouse, and 
quail VEGF-C sequences provided herein and aligned to 
show similarity in FIG. 5. The presence of the same residue 
in all three sequences indicates that the residue is evolution- 
arily conserved, notwithstanding the fact that VEGF-C from 
other species may lack the residue. In a preferred 
embodiment, the conserved cysteine residue corresponds to 
the cysteine at position 156 of SEQ ID NO: S. "Correspon- 
dence to the cysteine at position 156" is readily determined 
from an analysis of the vertebrate VEGF-C sequence of 
interest, since the cysteine at position 156 of SEQ ID NO: 
8 (human VEGF-C) falls within an evolutionarily conserved 
portion of VEGF-C (see FIG. 5, comparing human, mouse, 
and quail VEGF-C polypeptides). Alignment of human 
VEGF-C allelic variants, other mammalian VEGF-C 
polypeptides, and the like with the three VEGF-C forms in 
FIG. 5 will identify that cysteine which corresponds to the 



cvMcinc at position 156 of SEQ ID NO: 8, even if the allelic 
variant has greater or fewer than exactly 155 residues 
preceding the cysteine of interest. 

In another embodiment, the invention includes a purified 
polypeptide that is an analog of human VEGF-C and that is 
capable of binding to at least one of fil-1 receptor tyrosine 
kinase (VEGFR-1), kdr receptor tyrosine kinase (VEGFR- 
2), and Fll4 receptor tyrosine kinase (VEGFR-3). 

Specifically contemplated is an analog of human VEGF-C 
that binds VEGFR-3 but has reduced VEGFR-2 binding 
affinity, as compared to the VEGFR-2 binding affinity of a 
wildtype human VEGF-C (e.g., as compared to the 
VEGFR-2 binding affinity of a human VEGF-C having an 
amino acid sequence consisting essentially of amino acids 
103-227 of SEQ ID NO: S). One such family oi" human 
VEGF-C analogs are VEGF-C A j;(fi polypeptides. By 
"VEGF-C AC 1VS polypeptide' 1 is meant an analog wherein 
the cysteine at position -156 of SEQ ID NO: ft has been 
deleted or replaced by another amino acid. A VEGF-C AC 156 
polypeptide analog can be made from any VEGF-C 
polypeptide of the invention that comprises all of SEQ ID 
NO: 8 or a portion thereof that includes position 156 of SEQ 
ID NO: 8. Preferably, the VEGF-C _AC J5# polypeptide 
analog comprises a portion of SEQ ID NO: 8 effective to 
permit binding to VEGFR-3. 

For example, the invention includes a VEGF-C AC 156 
polypeptide that binds VEGFR-3, has reduced VEGFR-2 
binding affinity, and has an amino acid sequence which 
includes amino acids 131 to 211 of SEQ ID NO: 8, wherein 
the cysteine residue at position 156 of SEQ ID NO: S has 
been deleted or replaced. In a preferred embodiment, the 
VEGF-C AC J55 polypeptide comprises a continuous portion 
of SEQ ID NO: 8, the portion having as its amino terminal 
residue an amino acid between residues 102 and 114 of SEQ 
ID NO: 8, and having as its carboxy terminal residue an 
amino acid between residues 212 and 228 of SEQ ID NO: 
<S, wherein the cysteine residue at position 156 of SEQ ID 
NO: 8 has been deleted or replaced. In an embodiment 
exemplified herein, the cysteine residue at position 156 of 
SEQ ID NO: 8 has been replaced by a serine residue. 

A second family of human VEGF-C analogs that bind 
VEGFR-3 but have reduced VEGFR-2 binding affinity are 
VEGF-C AR 22f) AR 227 polypeptides. By "VEGF-C 
AR^gAR^ polypeptide" is meant an analog wherein the 
arginine residues at positions 226 and 227 of SEQ ID NO: 
8 have been deleted or replaced by other amino acids, for the 
purpose of eliminating a proteolytic processing site of the 
carboxy terminal pro-peptide of VEGF-C. Preferably, the 
VEGF-C AR^cAR^ polypeptide comprises a portion of 
SEQ ID NO: S effective to permit binding of -VEGFR-3. For 
example, the invention includes a VEGF-C AR 226 AR 227 
polypeptide having an amino acid sequence comprising 
amino acids 112-419 of SEQ ID NO: 8, wherein the arginine 
residues at positions 226 and 227 of SEQ ID NO: 8 have 
been deleted or replaced. Specifically exemplified herein is 
a VEGF-C AR 2 - C AR 2 27 polypeptide wherein the arginine 
residues at positions 226 and 227 of SEQ ID- NO; 8 have 
been replaced by serine residues. 

Another family of VEGF-C analogs of the invention are 
human VEGF-C^'" t: polypeptides. By "VEGF-C* 1 "'* 
polypeptide' 5 is meant a VEGF-C analog wherein at least one 
amino acid having a basic side chain has been introduced 
into the VEGF-C coding sequence, to emulate one or more 
basic residues in VEGF (e.g., residues Arg ;0Sl Lys ll0 , and 
His i;2 in the VEGF165 precursor shown in FIG. 2.) that 
have been implicated in VEGF receptor binding. Preferably, 
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two or three basic residues are introduced into VEGF-C 
Based on the VEGF.'VEGF-C uolypeptide alignment pro- 
vided herein, positions IS 7 , 189, and 191 of SEQ ID NO: S 
are preferred positions to introduce basic residues. For 
example, the invention includes a VEGF-C*""^ polypeptide 
that is capable of binding to at least one of VEGFR-1, 
VEGFR-2, and VEGFR-3, and that has an amino acid 
sequence comprising residues 131 to 211 of SEQ ID NO: S, 
wherein the glutamic acid residue at position 187, the 
threonine residue at position 1S°, and the proline residue at 
position 191 of SEQ ID NO: 8 have been replaced by an 
arginine residue, a lysine residue, and a histidine residue, 
respectively. 

In yet another aspect of the invention, VEGF-C structural 
information is employed to create useful analogs of VEGF. 
For example, mature VEGF-C contains an unpaired cysteine 
(position 137 of SEQ ID NO: 8) and is able to form 
uon-covaleutly bonded polypeptide duners. hi one 
embodiment, a VEGF analog is created wherein this 
unpaired cysteine residue from mature VEGF-C is intro- 
duced at an analogous position of VEGF (e.g., introduced in 
place of Leu 5S of the human VEGF 165 precursor (FIG. 2, 
Genbank Acc. No. M32977). Such VEGF analogs are 
termed VEGF^ vr polypeptides. Thus, the invention includes 
a human VEGF analog wherein a cysteine residue is intro- 
duced in the VEGF amino acid sequence at a position 
selected from residues S3 to 63 of the human VEGFl 65 
precursor having the amino acid sequence set forth in SEQ 
ID NO: 56. At least four naturally occurring VEGF isoforms 
have been described, and VEGF**"*'* polypeptide analogs of 
each isoform are contemplated. Most preferably, the cys- 
teine is introduced at a position in a VEGF isoform which 
corresponds to position 58 of the VEGFl 65 precursor hav- 
ing the amino acid sequence set forth in SEQ ID NO: 56. 

The present invention also provides purified and isolated 
polynucleotides (i.e., nucleic acids) encoding all of the 
^polypeptides of the invention, including but not limited to 
cDNAs and genomic DNAs encoding VEGF-C precursors, 
VEGF-C, and biologically active fragments thereof, and 
DNAs encoding VEGF-C variants and VEGF-C analogs. A 
preferred nucleic acid of the invention comprises a DNA 
encoding amino acid residues 1 to 419 of SEQ ID NO: 8 or 
one of the aforementioned fragments or analogs thereof Due 
to the degeneracy of the genetic code, numerous such coding 
sequences are possible, each having in common the coding 
of the amino acid sequence shown in SEQ ID NO: 8 or the 
fragment or analog thereof. Distinct polynucleotides encod- 
ing any polypeptide of the invention by virtue of the 
degeneracy of the genetic code are within the. scope of the 
invention. 

A preferred polynucleotide according to the invention 
comprises the human VEGF-C cON A sequence set forth in 
SOQ ID NO: 7 from nucleotide 352 to 1611. Other poly- 
nucleotides according to. the invention encode a VEGF-C 
polypeptide from, e.g., mammals other than humans, birds 
(e.g., avian quails), and others. Still other polynucleotides of 
the invention comprise a coding sequence Tor a VEGF-C 
fragment, and allelic variants of those DNAs encoding part 
or all of VEGF-C. Still other polynucleotides of the inven- 
tion comprise a coding sequence for a VEGF-C variant or a 
VEGF-C analog. 

The invention further comprises polynucleotides that 
hybridize to the aforementioned polynucleotides under stan- 
dard stringent hybridization conditions. Exemplary stringent 
hvbridization conditions are as follows: hybridization at 42° 
C, in 50% formamide, 5xSSC, 20 mM Na.PO a , pH 6.S and 
washing in 0.2xSSC at 55° C. It is understood by those of 
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skill in the art that variation in these conditions occurs based 
on the length and GC nucleotide content of the sequences to 
be hybridized. Formulas standard in the art are appropriate 
for determining appropriate hybridization conditions. See 

5 Sambrook et al.. Molecular Cloning: A Laboratory Manual 
(Second ed., Coid Spring Harbor Laboratory Press, 1989) §§ 
9.47-9.5 t . These polynucleotides, capable of hybridizing to 
polynucleotides encoding VEGF-C, VEGF-C fragments, or 
VEGF-C analogs, are useful as nucleic acid probes for 
identifying, purifying and isolating polynucleotides encod- 

U ing other (non-human) mammalian forms of VEGF-C and 
human VEGF-C allelic variants. Additionally, these poly- 
nucleotides are useful in screening methods of the invention, 
as described below. 

Preferred nucleic acids useful as probes of the invention 

1:1 comprise nucleic acid sequences of at least about 16 con- 
tinuous nucleotides of SEQ ID NO; 7. More preferably, 
these nucleic acid probes would have at least about 20 
continuous nucleotides found in SEQ ID NO: 7. In using 
these nucleic acids as probes, it is preferred that the nucleic 

22 acids specifically hybridize to a portion of the sequence set 
forth in SEQ ID NO: 7. Specific hybridization, is herein 
defined as hybridization under standard stringent hybridiza- 
tion conditions. To identify and isolate other mammalian 
VEGF-C genes specifically, nucleic acid probes preferably 

25 are selected such that they fail to hybridize to genes related 
to VEGF-C (e.g.. fail to hybridize to human VEGF or to 
human VEGF-B genes). 

Thus, the invention comprehends polynucleotides com- 
prising at least about 16 nucleotides wherein the polynucle- 

33 otides arc capable of specifically hybridizing to a gene 
encoding VEGF-C, e.g., a human gene. The specificity of 
hvbridizalion ensures that a polynucleotide of the invention 
is able to hybridize to a nucleic acid encoding a VEGF-C 
under hybridization conditions that do not support hybrid- 

^ ization of the polynucleotide to nucleic acids encoding, e.g., 
VEGF or VEGF-B. In one embodiment, polynucleotides of 
at least about I 6 nucleotides, and preferably at least about 20 
nucleotides, are selected as continuous nucleotide sequences 
found in SEQ ID NO: 7 or the complement of the nucleotide 

AZ sequence set forth in SEQ ID NO: 7. 

In another embodiment, the invention includes polynucle- 
otides having at least 90 percent (preferably at least 95 
percent, and more preferably at least 97, 98, or 99 percent) 
nucleotide .sequence identity with a nucleotide sequence 

45 encoding a polypeptide of the invention. In a highly pre- 
ferred embodiment, the polynucleotides have at least 95 
percent sequence identity with a nucleotide sequence encod- 
ing a human VEGF-C precursor (such as the VEGF-C 
precursor in SEQ ID NO: 8 and allelic variants thereof), 

53 human VEGF-C, or biologically active VEGF-C fragments. 
Additional aspects of the invention include vectors which 
comprise nucleic acids of the invention; and host cells 
transformed or transfecled with nucleic acids or vectors of 
the invention. Preferred vectors of the invention are expres- 

55 sion vectors wherein nucleic acids of the invention are 
operatively connected to appropriate promoters and other 
control sequences that regulate transcription and/or subse- 
quent translation, such that appropriate prokaryotic or 
eukaryotic ' host cells transformed or transfected with the 

6C vectors are capable of expressing the polypeptide encoded 
thereby (e.g., the VEGF-C. VEGF-C fragment, VEGF-C 
variant^or VEGF-C analog encoded thereby). A preferred 
vector of the -invention is plasmid pFLT4-L, having ATCC 
accession no. 97231. Such vectors and host cells are useful 

65 for recombinantly producing polypeptides of the invention, 
including VEGF-C, and fragments, variants, and analogs 
thereof. 
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In a related aspect of the invention, host cells such as 
procaryoiic and eukaryotic cells, especially unicellular host 
cells, are modified to express polypeptides oi' the invention. 
Host cells may be stably irans formed or iransfected with 
isolated DNAs of the invention in a manner allowing 5 
expression oi" polypeptides of the invention therein. Thus. - 
the invention further includes a method of making polypep- 
tides of the invention. In a preferred method, a nucleic acid 
or vector of the invention is expressed in a host cell, and a 
polypeptide of the invention is purified from the host cell or. y . 
the host cell's growth medium. 

Similarly, the invention includes a method of makuig a 
polypeptide capable of specifically binding to VEGFR-1, 
VEGFR-2 and/or VEGFR-3, comprising the steps of: (a) 
transforming or transfecting a host cell with a nucleic acid 15 
of the invention; (b) cultivating the host cell to express the 
nucleic acid; and (c) purifying a polypeptide capable of 
specifically binding to VEGFR-1, VEGFR-2, and/or 
VEGFR-3 from the host cell or from the host cell's growth 
media. The invention also includes purified and isolated 
polypeptides produced by methods of the invention. In one 
preferred embodiment, the invention includes a human 
VEGF-C polypeptide or biologically active fragment, 
variant, or analog thereof that is substantially free of other 
human polypeptides. 

Alternatively, host cells may be modified by activating an 
endogenous VEGF-C geue that is not normally expressed in 
the host cells or that is expressed at a lower rate than is 
desired. Such host cells are modified (e.g., by homologous 
recombination) to express the VEGF-C by replacing, in 
whole or in part, the naturally-occurring VEGF-C promoter 
with part or all of a heterologous promoter so that the host 
cells express VEGF-C. In such host cells, the heterologous 
promoter DNA is operatively linked to the VEGF-C coding 
sequences, i.e., controls transcription of the VEGF-C coding 35 
sequences. See, for example, PCT International Publication 
No. WO 94/12650; PCT International Publication No. WO 
92/2080S; and PCT International Publication No. WO. 
91/09955. The invention also contemplates that, in addition 
to heterologous promoter DNA, amplifiable marker DNA 4Z 
(e.g., ada, dlifr, and the multifunctional CAD gene which 
encodes carbaruyl phosphate synthase, aspartate 
transcarbamyiase, and dihydro-orotase) and/or intron DNA 
may be recombined along with the heterologous promoter 
DNA into the host cells. If linked to the VEGF-C coding 45 
sequences, amplification of the marker DNA by standard 
selection methods results in co-amplification of the VEGF-G 
coding sequences in such host cells. Thus, the invention 
includes, for example, a cell comprising a nucleic -acid 
having a sequence encoding human VEGT-C and further 52 
comprising a non-VEGF-C promoter sequence (i.e., a het- 
erologous promoter sequence) or other non-VEGF-C control 
sequence that increases RNA transcription in the cell of the 
sequence encoding human VEGF-C. 

The DNA sequence information provided by the present 55 
invention also makes possible the development, by homolo- 
gous recombination or "'knockout" straLegies [see, Capecchi, 
Science, 244: 12S8-1292 (1989)], of rodents that fail to 
express functional VEGF-C or that express a VEGF-C 
fragment, variant, or analog. Such rodents are useful as 63 
models for studying the activities of VEGF-C and VEGF-C 
modulators in vivo. 

In another aspect, the invention includes an antibody 
which is specifically reactive with one or more polypeptides 
of the invention, and/or is reactive with polypeptide mulli- 65 
mers of the invention. Antibodies, both monoclonal and 
polyclonal, may be made against a polypeptide of the 



invention according to standard techniques in the art. Sec, 
e.g., Harlow and Lane, Antibodies: A Laboratory Manual 
(Cold Spring Harbor Laboratory Press. Cold Spring Harbor, 
N.Y. (19SS)). Standard protein manipulation techniques and 
recombinant techniques also may be employed to generate 
humanized antibodies and antigen-binding antibody frag- 
ments and other chimeric antihody polypeptides, all of 
which are considered antibodies of the invention. The inven-" 
lion further includes hybridoma cells that produce antibodies 
of the invention or other cell types that have been genetically 
eneineered to express antibody polypeptides of the inven- 
tion. Antibodies of the invention may be used in diagnostic 
applications to monitor angiogenesis, vascularization, lym- 
phatic vessels and their disease states, wound healing, or 
certain rumor cells, hematopoietic, or leukemia cells. The 
antibodies also may be used to block the ligand from 
activating its receptors; to purify polypeptides of the inven- 
tion; and to assay fluids for the presence of polypeptides of 
the invention. The invention further includes immunological 
assavs (including radio-immuno assays, enzyme linked 
immunosorbent assays, sandwich assays and the like) which 
employ antibodies of the invention. 

T.igands according to the invention may be labeled with a 
detectable label and used to identify their corresponding 
receptors in situ. Labeled Flt4 ligand and anli-FU4 ligand 
antibodies may be used as imaging agents in the detection of 
lymphatic vessels, high endothelial venules and their disease 
states, and Flt4 receptors expressed in histochemical tissue 
sections. Ine ligand or antibody may be covalently or 
non-covalcmly coupled to a suitable supcrmagnctic, 
paramagnetic, electron dense, echogenic, or radioactive 
agent for imaging. Other, non-radioactive labels, such as 
biotin and avidin. may also be used. 

A related aspect of the invention is a method for the 
detection of specific cells, e.g., endothelial cells. These cells 
may be found in vivo, or in ex vivo biological tissue 
samples. The method of detection comprises the steps of 
contacting a biological tissue comprising, e.g., endothelial 
cells, with a polypeptide according to the invention which is 
capable of binding to VEGFR-2 and/or VEGFR-3; under 
conditions wherein the polypeptide binds to the cells, 
optionally washing the biological tissue, and detecting the 
polypeptide bound to the cells in the biological tissue, 
thereby detecting the cells. It will be apparent that certain 
polypeptides of the invention are useful for delecting and/or 
imaging cells that express both VECFR-2 and VEC.rR-3, 
whereas other polypeptides (e.g., VEGF-C AC J56 
polypeptides) are useful for imaging specifically those ceils 
which express VEGFR-3. 

The many biological activities described herein for 
VEGF-C (including but not limited to affecting growth and 
migration of vascular endothelial cells; promoting growth of 
lymphatic endothelial cells and lymphatic vessels; increas- 
ing vascular permeability; and affecting myelopoiesis (e.g., 
growth of neutrophilic granulocytes)) support numerous 
diagnostic and in vitro and in vivo clinical utilities for 
polypeptides and antibodies of the invention, for modulating 
(stimulating or inhibiting) these biological activities. 
Generally, VEGF-C and precursor, fragment, variant, and 
analog polypeptides that retain one or more VEGF-C bio- 
logical activities are useful agonists for stimulating Ihe 
desired biological activity; whereas precursor, fragment, 
variant, and analog polypeptides that are capable of binding 
to VEGFR-2 and/or VEGFR-3 (either alone or as a homo- 
or hetero-dimer with other polypeptides) without stimulat- 
ing receptor-mediated VEGF-C activity (i.e., without acti- 
vating the receptor) are useful as antagonists (inhibitors) of 
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VEGF-C. Similarly, antibodies of the invention that bind 
biologically active VEGF-C forms and thereby interfere 
with VEGF-C-receptor interactions are useful as inhibitors 
of VEGF-C. Antisense oligonucleotides comprising a por- 
tion of the VEGF-C coding sequence and/or its complement 5 
also are contemplated as inhibitors of the invention. Both 
biologically active polypeptides and inhibitor polypeptides 
of the invention have utilities in various imaging applica- 
tions. 

For example, the biological effects of VEGF-C on vas- 1J 
cular endothelial cells indicate in vivo uses for polypeptides 
of the invention for stimulating angiogenesis (e.g., during 
wound healing, in tissue transplantation, in eye diseases, in 
the formation of collateral vessels around arterial stenoses 
and into injured tissues after infarction) and for inhibiting 1S 
angiogenesis (e.g., to inhibit tumor growth and/or metastatic 
caueer). The biological effects on vascular endothelial cells 
indicate in vitro uses for biologically active forms of 
VEGF-C to promote the growth of cultured vascular endot- 
helial cells. 2 - 

The biological effects of VEGF-C on lymphatic endothe- 
lial indicate in vivo uses for polypeptides of the invention for 
stimulating lymphangiogenesis (e.g., to promote re-growth 
or permeability of lymphatic vessels in, for example, organ 
transplant patients; to mitigate the loss of axillary lymphatic " 5 
■vessels following surgical interventions in the treatment of 
cancer (e.g., breast cancer); to treat aplasia of the lymphatic 
vessels or lymphatic obstructions) and for inhibiting it (e.g., 
to treat lymphangiomas). Additional in vivo uses for 
polypeptides of the invention include the treatment or pre- 3 " 
vention of inflammation, edema, elephantiasis, and Milroy's 
disease. The biological effects on lymphatic endothelial cells . 
indicate in vitro uses for biologically active forms of 
VEGF-C to promote the growth of cultured lymphatic 
endothelial cells. ' 71 

JTius, the invention includes a method of modulating 
(stimulating/increasing or inhibiting/decreasing) the growth 
of vertebrate endothelial cells comprising contacting such 
endothelial cells with a polypeptide or antibody (or antigen- 4 „ 
binding portion thereof) of the invention, in an amount 
effective to modulate the growth of the endothelial cells. 
Mammalian endothelial cells are preferred. Human endot- 
helial cells are highly preferred. In one embodiment, the 
endothelial cells arc lymphatic endothelial cells. In another 45 
embodiment, the cells are vascular endothelial cells. The 
method may be an in vitro method (e.g., for cultured 
endothelial cells) or an in vivo method. For in vivo methods, 
it is highly preferable to administer a pharmaceutical com- 
position (comprising the polypeptide formulated in a pliar- 5 „ 
maceutically acceptable diluent, adjuvant, excipient, carrier, 
or the like) to the subject, in an amount effective to modulate 
the. growth of lymphatic endothelial cells in vivo. 

In one preferred embodiment, the endothelial cells are 
lymphatic endothelial cells, and the polypeptide is one that 55 
has reduced effect on the permeability of mammalian blood 
vessels compared to a wiidtype VEGF-C polypeptide (e.g., 
compared with VEGF-C having an amino acid sequence set 
forth in SEQ ID NO: 8 from residue 103 to residue 227). 
VEGF-C AC 1S6 polypeptides are contemplated for use in 63 
this embodiment. 

In modulating the growth of endothelial cells in vivo, the 
invention contemplates the modulation of endothelial cell- 
related disorders. Endothelial cell disorders contemplated by 
the invention include, but are not limited to. physical loss of 65 
lymphatic vessels (e.g., surgical removal of axillary lymph 
tissue), lymphatic vessel occlusion (e.g., elephantiasis), and 
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lymphangiomas. In a preferred embodiment, the subject, and 
endothelial cells, are human. The endothelial cells may be 
provided in vitro or in vivo, and they may be contained in 
a tissue graft. An effective amount of a polypeptide is 
defined herein as that amount of polypeptide empirically 
determined to be necessary to achieve a reproducible change 
in cell growth rate (as determined by microscopic or mac- 
roscopic visualization and estimation of cell doubling time, 
or nucleic acid synthesis assays), as would be understood by 
one of ordinary skill in the art. 

Polypeptides of the invention may be used to stimulate 
lymphocyte production and maturation, and to promote or 
inhibit trafficking of leukocytes between tissues and lym- 
phatic vessels or to affect migration in and out of the thymus: 
The biological effects of VEGF-C on myelopoiesis indi- 
cate in vivo and in vitro uses for polypeptides of the 
invention for stimulating myelopoiesis (especially growth of 
neutrophilic granuloctycs) or inhibiting it. Thus, the inven- 
tion includes a method for modulating myelopoiesis in a 
mammalian subject comprising administering to a. mamma- 
lian subject in need of modulation of myelopoiesis an 
amount of a polypeptide or antibody- (or antigen-binding 
portion thereof) of the invention that is effective to modulate 
myelopoiesis. In one embodiment, a mammalian subject 
suffering from granulocytopenia is selected, and the method 
comprises administering to the subject an amount of a 
polypeptide effective to stimulate myelopoiesis. In 
particular, a polypeptide of the invention is administered in 
an amount effective to increase the neutrophil count in blood 
of the subject. Preferred subjects are human subjects. An 
effective amount of a polypeptide is an amount of polypep- 
tide empirically determined to be necessary to achieve a 
reproducible change in the production of neutrophilic granu- 
locytes (as determined by microscopic or macroscopic visu- 
alization and estimation of cell doubling time, or nucleic 
acid synthesis assays), as would be understood by one of 
ordinary skill in the art. 

In a related embodiment, the invention includes a method 
of increasing the number of neutrophils in the blood of a 
mammalian subject comprising the step of expressing in a 
cell in a subject in need of an increased number of blood 
neutrophils a DNA encoding a VEGR-C protein, the DNA 
operatively linked to a non-Vfc'GF-C promoter or other 
non-VEGF-C control sequence that promotes expression of 
the DNA in the cell. .. 

Similarly, the invention includes a method of modulating 
the growth of neutrophilic granulocytes in vitro or in vivo 
comprising the step of contacting mammalian stem cells 
with a polypeptide or antibody of the invention in an amount 
effective to modulate the growth of mammalian endothelial 
cells. ' 

For methods which involve the in vivo administration of 
polypeptides or antibodies of the invention, it is contem- 
plated that the polypeptides or antibodies will be adminis- 
tered in any suitable manner using an appropriate 
pharmaceutically-acceptable vehicle, e.g., a 
pharmaceutically-acceptable diluent, adjuvant, excipient or 
carrier. Thus, the invention further includes compositions, 
e.g., pharmaceutical compositions, comprising one or more 
polypeptides or antibodies of the invention. By pharmaceu- 
tical composition is meant a composition that may be 
administered to a mammalian host, e.g., orally, topically, 
parenlerally (including subcutaneous injections, 
intravenous, intramuscular, intracisternal injection or infu- 
sion techniques), by inhalation spray, or rectally, in unit 
dosage formulations containing conventional non-toxic 
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carriers, diluents (c g.. calcium carbonate, sodium 
carbonate, lactose, calcium phosphate, sodium phosphate, 
kaolin, water), adjuvants, vehicles, and the like, including 
but not limited to flavoring agents, preserving agents; granu- 
lating and disintegrating agents; binding agents; lime delay 
materials; oils; suspending agents; dispersing or wetting 
agents; anii-oxidants; cmulsificrs. etc. 

The invention further provides a method of using a 
polypeptide of the invention for the manufacture of a 
medicament for use in any of the foregoing methods. 
Similarly, the invention further provides a method of using 
a polypeptide of the invention for the manufacture of a 
medicament for the treatment of any of the foregoing 
indicated conditions and disease states. Such methods 
optionally involve the use of additional biologically active 
ingredients (e.g., VEGF. P1GF, G-CSF, etc.) for the manu- 
facture of the medicament. 

Effective amounts of polypeptides for the foregoing meth- 
ods are empirically determined using standard in vitro and in 
vivo dose-response assays. In addition, experimental data 
provided herein provide guidance as to amounts of polypep- 
tides of the invention that are effective for achieving a 
desired biological response. For example, the dissociation 
constants determined for one form of mature VEGF-C 
(K D =135 pM for VEGFR-3 and K D -410 pM for VEGFR-2) 
provide an indication as to the concentration of VEGF-C 
necessary to achieve biological effects, because such disso- 
ciation constants represent concentrations at which half of 
the VEGF-C polypeptide is bound to the receptors through 
which VEGF-C biological effects arc mediated. Results 
from in vivo Miles assays, wherein 0-S picomoles of 
VEGF-C was injected intradermally, provide an indication 
that picomole quantities of mature VEGF-C are sufficient to 
induce localized biological effects. In vitro analysis of 
3 H-thymidine incorporation into bovine capillary endothe- 
lial cells treated with a mature VEGF-C form showed 
increasing VEGF-C effects on cell proliferation at concen- 
trations of 10-1000 pM. Collectively, this data suggests that 
localized concentrations of 100-1000 pM of fully-processed 
VEGF-C have VEGF-C biological activity in vivo. Effective 
concentrations of other polypeptides of the invention are 
generally expected to correlate with the dissociation con- 
stant of the polypeptides for the relevant receptors. Phar- 
macokinetic and pharmacological analyses reveals the pre- 
ferred dosages, dosage formulations, and methods of 
administration to achieve the desired local or systemic 
concentration of a polypeptide of the invention. 

Polypeptides of the invention also may be used to quan- 
tify future metastatic risk by assaying biopsy material for the 
presence of active receptors or ligancb. in a binding assay. 
Such a binding assay may involve the use of a detectably 
labeled polypeptide of the invention or of an unlabeled 
polypeptide in conjunction with a labeled antibody, for 
example. Kits comprising such substances are included 
within the scope of the invention. 

The present invention also provides methods for using the 
claimed nucleic acids (i.e., polynucleotides) in screening for . 
.endothelial cell disorders. In a preferred embodiment, the 
invention provides a method for screening an endothelial 
cell disorder in a mammalian subject comprising the steps of 
providing a sample of endothelial cell nucleic acids from the 
subject, contacting the sample of endothelial cell nucleic 
acids with a polynucleotide of the invention which is 
capable of hybridizing to a gene encoding VEGF-C (and 
preferably capable of hybridizing to VEGF-C mRNA), 
determining the level of hybridization between the endot- 
helial cell nucleic acids and the polynucleotide, and corre- 



lating the level of hybrjdi7ation with a, disorder. A preferred 
mammalian subject, and source of endothelial cell nucleic 
acids ; is a human. The disorders contemplated by the method 
of screening with polynucleotides include, but are not lim- 
ited to, vessel disorders such as the aforementioned lym- 
phatic vessel disorders, and hypoxia. 

Purified and isolated polynucleotides encoding other 
(non-human) VEGF-C forms also are aspects of the 
invention, as are the polypeptides encoded thereby, and 
antibodies that are specifically immunoreactive with the 
non-human VEGF-C forms. Preferred non-human forms of 
VEGF-C are forms derived from other vertebrate species, 
including avian and mammalian species. Mammalian forms 
are highly preferred. Thus, the invention includes a purified 
and isolated mammalian VEGF-C polypeptide, and also a 
purified and isolated polynucleotide encoding such a 
polypeptide. 

In one embodiment, the invention includes a purified and 
isolated polypeptide having the amino acid sequence of 
residues 1 to 415 of SEQ ID NO: 11, which sequence 
corresponds to a putative mouse VEGF-C precursor. The 
putative mouse VEGF-C precursor is believed to be pro- 
cessed into a mature mouse VEGF-C in a manner analogous 
to the processing of the human prepro-polypeptide. Thus, in 
a related aspect, the invention includes a purified and 
isolated polypeptide capable of specifically binding to an 
Flt4 receptor tyrosine kinase (e.g., a human or mouse Flt-4 
receptor tyrosine kinase), the polypeptide comprising a 
fragment of the purified and isolated polypeptide having the 
amino acid sequence of residues 1 to 415 of SEQ ID NO: 11, 
the fragment being capable of specifically binding to the Flt4 
receptor tyrosine kinase. The invention further includes 
multimers of the foregoing polypeptides and purified and 
isolated nucleic acids encoding the foregoing polypeptides, 
such as a nucleic acid comprising all or a portion of the 
sequence shown in SEQ ID NO: 10. 

In another embodiment, the invention includes a purified 
and isolated quail VEGF-C polypeptide, biologically active 
fragments and multimers thereof, and polynucleotides 
encoding the foregoing polypeptides. 

It is also contemplated that VEGF-C polypeptides from 
other species may be altered in the manner described herein 
with respect to human VEGF-C variants, in order to alter 
biological properties of the wildtype protein. For example, 
elimination of the cysteine at position 152 of SEO ID NO: 
11 or position 155 of SEQ ID NO: 13 is expected to alter 
VEGFR-2 binding properties in the manner described below 
for human VEGF-C AC 1M mutants. 

In yet another embodiment, the invention includes a DNA 
comprising a VEGF-C promoter, that is capable of promot- 
ing expression of a VEGF-C gene or another operatively- 
linkcd, protein-encoding gene in native host cells, under 
conditions wherein VEGF-C is expressed in such cells. 
Thus, the invention includes a purified nucleic acid com- 
prising a VEGF-C promoter sequence. Genomic clone 
lambda 5 described herein comprises more than 5 kb of 
human genomic DNA upstream of the VEGF-C translation 
initiation codon, and contains promoter DNA of the inven- 
tion. Approximately 2.4 kb of this upstream sequence is set 
forth in SEO ID NO: 48. Thus, in one embodiment, the 
invention includes a purified nucleic acid comprising a 
portion of SEQ ID NO: 4S, wherein the portion is capable 
of promoting expression of a protein encoding gene opera- 
tively linked thereto under conditions wherein VEGF-C is 
expressed in " native host cells. Similarly, the invention 
includes a chimeric nucleic acid comprising a VEGF-C 
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promoter nucleic acid according lo the invention opcralivclv 
connected to a seauence encoding a protein other than a 
human VEGF-C. 

Additional aspects and embodiments of the invention will 
be apparent from the detailed description which follows. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 schematically depicts major endothelial cell recep- 
tor tyrosine kinases and growth factors involved in vascu- 
logenesis and angiogenesis. Major structural domains are 
depicted, including iminunoglobulin-like domains (IGH), 
epidermal ■ growth factor homology domains (EGFH), 
fib ro nee tin type III domains (FNIII), transmembrane (TM) 
'and juxtamcmhrane (JM) domains, tyrosine kinase (TK1, 
TK2) domains, kinase insert domains (KI), and carboxy- 
terminal domains (CT). 

FIGS. 2 A, 2B, and 2C show a comparison of the deduced 
amino acid sequences of PDGF-A (SEQ ID NO: 53), 
PDGF-B (SEQ ID NO: 54), P1GF-1 (SEQ ID NO; 55), 
VEGF-B ie -r (SEQ ID NO: 56), VEGF165 (SEQ ID NO: 57), 
and Fh4 ligand (VEGF-C, (SEQ ID NO: 8)). 

FIG. 3 A is an autoradiograph showing recombinant 
VEGF-C isolated following a pulse-chase experiment and 
elect rop ho rased via SDS-PAGE under reducing conditions. 

FIG. 3B is a photograph of polyacrylamide gef showing 
that recombinant VEGF-C forms are disulfide -linked in 
uonreducing conditions. 

FIG. 4 shows that VEGF-C stimulates endothelial cell 
migration in a three-dimensional collagen gel assay. 

FIG. 5 depicts the amino acid sequences of human (SEQ 
ID NO: 8), murine (SEQ ID NO: 11), and quail (SEQ ID 
NO: 13) VEGF-C polypeptides, aligned to show similarity. 
Residues conserved in all three species are depicted in bold. 

FIGS. 6A— C depict elecirophoretic fractionations of the 
various forms of recombinant VEGF-C produced by trans- 
fected 293 EBNA cells. FIG. 6B depicts the electrophoretic 
fractionation, under non-reducing conditions, of polypep- 
tides produced from mock (M) transfected cells, cells trans- 
fected with wild type (wl) VEGF-C cDNA, and cells trans- 
fected -with a cDNA encoding the VEGF-C mutant VEGF- 
C-R102S. Each of the bands identified in FIG. 6B' was 
excised and elect rophoretically fractionated in a separate 
lane under reducing conditions. Fractionation of bands cor- 
responding to wt VEGF-C are depicted in FIG. 6A; frac- 
tionation of bands corresponding to the R102S mutant are 
depicted in FIG. 6C. 

FIGS. 7A-B depict the forms and sizes of wild type and 
mutant recombinant VEGF-Cs, as revealed by non-reducing 
gel electrophoresis. FIG. 7A shows the VEGF-C forms^ 
secreted into ihe media; FIG. 7B shows the VEGF-C forms 
retained by the cells. Mock (M) transfected cells served as 
a control. 

FIGS. 8A-B present a comparison of the pattern of 
itnmuuopreeipitated, labelled VEGF-C forms using autisera 
882 and antisera 905. Adjacent lanes contain immunopre- 
cipitates thai were (lanes marked +) or were not (lanes 
marked -) subjected to reduction and alkylation. 

FIG. 9 is a scbemalic model of the proteolytic processing 
of VEGF-C. The regions of the VEGF-C polypeptide are 
depicted as follows: signal sequence=ctark shaded box; 
VEGF-homology domain=medium shaded box; N-terminal 
and C-terminal propeptides-dotted and open boxes, respec- 
tively. Conserved cysteine residues in the VEGF-homology 
domain are depicted with dots (for clarity, cysteine residues 
in the C-termiual propeptide are not marked). Putative sites 



of N-I inked glycosylation are shown with Y symbols. Num- 
bers indicate approximate molecular mass (kDa) of the 
corresponding polypeptide as measured by SDS-PAGE in 
reducing conditions. Disulfide bonds are marked as 
— S — S — , non-covalent bonds are depicted as dotted lines, 
A question mark indicates the presence of a possible non- 
covalent bond. The proteolytic generation of a small fraction 
of disulfide-linkcd 21 kDa forms is not indicated in the 
figure. Several intermediate forms also are omitted to sim- 
plify the scheme. Particularly, only one precursor polypep- 
tide is cleaved initially. The figure is not intended to suggest 
that other intermediate forms, for example 21 kDa+31 kDa, 
31 kDa+31 kDa+29 kDa, do not exist. 

FIG. 10 presents a comparison of the human and mouse 
VEGF-C amino acid sequences. The amino acid sequence of 
mouse VEGF-C is presented on the top line and differences 
in the human sequence are marked below it. .An arrow 
indicates the putative cleavage site for the signal peptidase; 
BR3P motifs, as well as a CR/SC motif, are boxed; and 
conserved cysteine residues are marked in bold above the 
sequence. Arginine residue -158 is also marked in bold. The 
numbering refers to mouse VEGF-C residues. 

FIGS. UA-R present gel electrophoretograms of human 
VEGF-C (wi)-and VEGF-C mutants secreted (FIG. 11 A) or 
retained (FIG. 11B) by the host 293 EBNA cells. Mock (M) 
transfected cells served as a control. Molecular weight 
markers are indicated on the left in kilodaltons (kD). 

FIG. 12 depicts the exon-intron organization of the human 
VEGF-C gene. Seven exons are depicted as open boxes, 
with exon size depicted in base pairs. Intronsare depicted as 
lines, with intron size (base pairs) depicted above the lines, 
5' and 3' untranslated sequences of a putative 2.4 kb mature 
MRNA are depicted as shaded boxes. The location of 
genomic clones used to characterize the VEGF-C gene are 
depicted below the map of the gene. 

FIGS. 13A and 13B depict the genomic structure of the 
human (13A) and murine (13R) VEGF-C genes. Sequences 
of exon-intron junctions are depicted together with exon and 
intron lengths. Intron sequences are depicted in lower case 
letters. Nucleotides of the open reading frame observed in 
VEGF-C cDNAs are indicated as upper case letters in 
triplets (corresponding to the codons encoded at the 
junctions). 

FIG. 14A depicts autoradiograms showing the binding of 
recombinantly produced wildlype VEGF-C (wl) and three 
VEGF-C mutants (VEGF-C R22G.227S (R226,227S); 
VEGF-C ANACHis (A); and VEGF-C ANACHisC156S 
(A156S)) to a VEGFR-3 extracellular domain- 
immunoglobulin construct (left panel, VEGFR-3EC), to a 
VEGFR-2 extracellular domain-immunoglobulin construct 
(center panel, VEGFR-2EC), and to protein A sepharose 
(right panel, PAS). 

FIG. 14B graphically depicts the results of a competitive 
binding assay. The ability of VEGF165, wildtype VEGF-C, 
and various VEGF-C mutants to compete with 125 I-VEGF- 
CANACHis for binding .to VEGFR-2 and VEGFR-3 is 
shown. 

FIG. 15 schematically depicts the VEGF-C promoter- 
reporter constructs and their activities in transfected HeLa 
cells. A restriction map of a portion of a genomic clone that 
includes the VEGF-C initiation codon and about 6 kb of 
upstream sequence is depicted above the constructs. Con- 
structs were made linking putative VEGF-C promoter to the 
Luciferase reporter gene in pGL3 vector (Promega) and 
introduced into HeLa cells by calcium phosphate-mediated 
transfeclion method. The Luciferase activity obtained was 
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compared to the level using ihc promotcrlcss pG1.3basic 
construct to obtain a measure of relative promoter activity. 
Luciferase activity is expressed graphically, as a ratio of 
activity of the constructs versus this control. Also shown are 
numerical ratios of Luciferase activity in experiments where 
the constructs were transfected into HeLa cells and cells 
were starved 24 hours followed by serum stimulation for 
four hours (f.ucifcrasc activity is expressed as a ration of 
activity in serum-stimulated versus serum-starved cells). 

DETAILED DESCRIPTION OF THE 
INVENTION 

Described herein is the isolation of a novel vascular 
endothelial growth factor and the cloning of a DNA encod- 
ing this novel growth factor from a cDNA library prepared 
from the human prostatic adenocarcinoma cell line PC-3. 
The isolated cDNA encodes a protein which is proteolyti- 
cally processed and secreted to cell culture medium. The 
processing is described in detail below. The secreted protein, 
designated VEGF-C, binds to the extracellular domain and 
induces tyrosine autopbosphorylation of both Flt4 {V'EGFR- 
3) and kdr,'flk-l (VEGFR-2). In contrast, neither VEGF nor 
P1GF showed specific binding to VEGFR-3 or induced its 
autopbosphorylation. VEGF-C also stimulates the migration 
of endothelial cells in collagen gel and' induces vascular 
permeability in vivo. In transgenic mice, VEGF-C induces 
proliferation of the lymphatic endothelium and an causes an 
increase in neutrophilic granulocytes. Based on studies of 
VEGF-C variants and analogs and studies of VEGF 
precursors, it is anticipated that one or more VEGF-C 
precursors (the largest putative native VEGF-C precursor, 
excluding signal peptide, having the complete amino acid 
sequence from residue 32 to residue 419 of SEQ ID NO: 8) 
is capable of stimulating VEGFR-3. 

In addition to providing a cDNA sequence encoding 
prepro- VEGF-C, the present application also provides sig- 
nificant guidance concerning portions of the VEGF-C amino 
acid sequence which are necessary for biological activity 
and portions (of one or more amino acids) which, when 
altered, will - modulate (up-regulate or inhibit) VEGF-C 
biological activities. Such alterations are readily achieved 
through recombinant DNA and protein techniques, such as 
site-directed mutagenesis of a VEGF-C encoding cDNA and 
recombinant expression of the resultant modified cDNA. 
The skilled artisan also understands that, in recombinant 
production of proteins, additional sequence may be 
expressed along with a sequence encoding a polypeptide 
having a desired biological activity, while retaining a desired 
biological activity of the protein. For example, additional 
amino acids may be added at the amino terminus, at the 
carboxy-terminus, or as an insertion into the polypeptide 
sequence. Similarly, deletion variants of a protein with a 
desired biological activity can be recombinant!)* expressed 
that lack certain residues of the endogenous/natural protein, 
while retaining a desired biological activity. Moreover, it is 
well-known that recombinant protein variants may be pro- 
duced having conservative amino acid replacements 
(including but not limited to substitution of one or more 
amino acids for other amino acids having similar chemical 
side-chains' (acidic, basic, aliphatic, aliphatic hydroxyl, 
aromatic, amide, etc.)) which do not eliminate the desired 
biological activity of the protein. Accordingly, it is antici- 
pated that such alterations of VEGF-C are'VEGF-C equiva- 
lents within the scope of the invention. 

As set forth in greater detail below, the putative prepro- 
VEGF-C has a deduced molecular mass of 46.883: a puta- 
tive prepro- VEGF-C processing intermediate has an 
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observed molecular weight of about 32 kD; and mature 
VEGF-C isolated from conditioned media has a molecular 
weight of about 23 kD as assessed by SDS-PAGE under 
reducing conditions. A major part of the difference' in the 
observed molecular mass of the purified and recombinant 
VEGF-C and the deduced molecular mass of the prepro- 
VEGF-C encoded by the "VEGF-C open reading frame 
(ORF) is attributable to proteolytic removal of sequences at 
the amino-ierminal and carboxyi -terminal regions of the 
prepro- VEGF-C polypeptide. Extrapolation from studies of 
the structure of PDGF (Heldin et al., Growth Factors.. 
8:245-52 (1993)) suggests that the region critical for recep- 
tor binding and activation by VEGF-C is contained within 
amino acids residues 104-213, which are found in the 
secreted form of the VEGF-C protein (i.e.. the form lacking 
the putative prepro leader sequence and some carboxyter- 
minal sequences). The 23 kD polypeptide binding VEGFR-3 
corresponds to a VEGF-homologous domain .of VEGF-C. 
After biosynthesis, the nascent VEGF-C polypeptide may be 
,„ glycosylated at three putative N- linked glycosylation sites 
identified in the deduced VEGF-C amino acid sequence. 
Polypeptides containing modifications, such as N-linked 
glycosylations, are intended as aspects of the invention. 
■ The carboxyi terminal amino acid sequences, which 
, 5 increase the length of the VEGF-C polypeptide in compari- 
son with other ligands of this family, show a pattern of 
spacing of cysteine residues reminiscent of the Balbiani ring 
3 protein (BR3P) sequence (Dignam et al., Gene, 58:133-40 
(1990); Paulsson et al., J. Mot. Bio!., 211:331-49 (1990)). 
3- This novel C-lcrminal silk protcin-likc structural motif of 
VEGF-C may fold into an independent domain, which is 
cleaved off after biosynthesis. Interestingly, at least one 
cysteine motif of the BR3P type is also found in the carboxyi 
terminus of VEGF. As explained in detail below, putative 
^ precursors and putative fully-processed VEGF-C were both 
detected in the cell culture media, suggesting cleavage by 
cellular proteases. The determination of amino-terminal and 
carboxy-terminal sequences of VEGF-C isolates was per- 
formed to' identify the proteolytic processing sites. Antibod- 
4« ies generated against different pans of the pro-VEGF-C 
molecule were used to determine the precursor-product 
relationship and ratio, their cellular distribution, and the 
kinetics of processing and secretion. 

VEGF-C has a conserved pattern of eight cysteine 
45 residues, which may participate in the formation of intra- 
and interchain disulfide bonds, creating an antiparallel, 
dimeric, biologically active molecule, similar to PDGF. 
Mutational analysis of the cysteine residues involved in the 
interchain disulfide bridges has shown that, in contrast to 
5C PDGF, VEGF dimers need to be held together by these 
covalent interactions in order to maintain biological activity. 
Disulfide linking of the VEGF-C polypeptide chains was 
evident in the analysis of VEGF-C in- nonreducing 
conditions, although recombinant protein also contained 
55 "fully processed" ligand-active VEGF-C forms which 
lacked disulfide bonds between the polypeptides. (See FIG. 
9.). 

VEGFR-3, which distinguishes between VEGF and 
VEGF-C, is closely related in structure to VEGFR-1 and 
60 VEGFR-2. Finnerty et al, Oncogene, 8:2293-98 (1993); 
Galland et al., Oncogene, 8:1233-40 (1993); Pajusola et al., 
Cancer Res., 52:5738^*3 (1992). Besides VEGFR-3, 
VEGFR-2 tyrosine kinase also is activated in response' to 
VEGF-C. VEGFR-2 mediated signals cause striking 
65 changes in the morphology, actin reorganization and mem- 
brane ruffling of porcine aortic endothelial cells overex- 
pressing, this receptor. In these cells, VEGFR-2 also medi- 
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alcd ligand-induccd chcmotaxis and m ilogcnicitv. 
Waltenberger et al., J. Biol Chem., 269:26988-95 (1994). 
Similarly, the receptor chimera CSF-lR/VEGFR-3 was 
milogenic when ectopically expressed in NIH 3T3 fibro- 
blastic cells, but not in porcine aortic endothelial cells 
(Pajusola et al., 1994). Consistent with such results, the 
bovine capillary endothelial (RCE) cells, which express 
VEGFR-2 mRNA but very little or no VEGFR-1 or 
VEGFR-3 mRNAs, showed enhanced migration when 
stimulated with VEGF-C. Light microscopy of the BCE cell 
cultures in collagen gel also suggested thai VEGF-C stimu- 
lated the proliferation of these cells. The data thus indicate 
that the VEGF family of ligands and receptors show a great 
specificity in their signalling, which may be cell-type- 
dependent. 

l*he expression pattern of the VEGFR-3 (Kaipainen el al., 
Pmc. Natl. Acad. Sci. {USA), 92: 35 66-70 (1 995)) suggests 
that VEGF-C may function in the formation of the venous 
and lymphatic vascular systems during embryogenesis. Con- 
stitutive expression of VEGF-C in adult tissues shown 
herein further suggests that this gene product also is 
involved in the maintenance of the differentiated functions 
of the lymphatic and certain venous endothelia where 
VEGFR-3 is expressed (Kaipainen et al., 1995). Lymphatic 
capillaries do not have well-formed basal laminae and an 
interesting possibility exists that the silk-like BR3P motif is 
involved in producing a supramolecular structure which 
could regulate the availability of VEGF-C iu tissues. 
However, as shown here, VEGF-C also activates VEGFR-2, 
which is abundant in proliferating endothelial cells of vas- 
cular sprouts and branching vessels of embryonic tissues, 
but not so abundant in adult tissues. Millauer et al., Nature, 
367:576-78 (1993). These data have suggested that 
VEGFR-2 is a major regulator of vasculogenesis and angio- 
genesis. VEGF-C may thus have a unique effect on lym- 
phatic endothelium and a more redundant function, shared 
with VEGF, in angiogenesis and possibly in regulating the 
permeability of several types of endothelia. Because 
VEGF-C stimulates VEGFR-2 and promotes endothelial 
migration, VEGF-C may be useful as an inducer of angio- 
genesis of blood and lymphatic vessels in wound healing, in 
tissue transplantation, in eye diseases, and in the formation 
of collateral vessels around arterial stenoses and into in jured 
tissues after infarction. 

Previously -identified growth factors that promote angio- 
genesis include the fibroblast growth factors, hepatocyte 
growth factor/scatter factor, PDGF and TGF-ct. (See e.g., 
Folkman, Nature Med., 1:27-31 (1995); Friesel et al., 
FASEBJ., 9:919-25 (1995); Mustonen et al., 7. Cell Biol, 
129:895-98 (1995). However, VEGF has been the only- 
growth factor relatively specific for endothelial cells. The 
newly identified factors VEGF-B [Olofsson et al., Proc. 
Natl. Acad. Sci., 93:2578-81 (1996)] and VEGF-C thus 
increase our understanding of the complexity of the specific 
and redundant positive signals for endothelial cells involved 
in vasculogenesis, angiogenesis, permeability, and perhaps 
also other endothelial functions. Expression studies using 
Northern blotting show abundant VEGF-C expression in 
heart and skeletal muscle; other tissues, such as placenta, 
ovary, small intestine, thyroid gland, kidney, prostate, 
spleen, testis and large intestine also express this gene. 
Whereas P1GF is predominantly expressed in the placenta, 
the expression patterns of VEGF, VEGF-B and VEGF-C 
overlap in many tissues, which suggests that members of the 
VEGF family may form helerodimers and interact to exert 
their physiological functions. 

Targeted mutagenesis leading to inactivation of the VEGF 
receptor loci in the mouse genome has shown that VEGFR-1 
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is necessary for the proper organization of endothelial cells 
forming the vascular endothelium, while VEGFR-2 is nec- 
essary for the generation of both endothelial and hemato- 
poietic cells. This suggests that the four genes of the VEGF 

5 family can be targets for mutations leading to vascular 
-malformations or cardiovascular diseases. 

The following Examples illustrate preferred embodiments 
of the invention, wherein the isolation, characterization, and 
function of VEGF-C, VEGF-C variants and analogs, VEGF- 

i- C-encoding nucleic acids, and anti-VEGF-C antibodies 
according to the invention are shown. 

EXAMPLE 1 

15 Production of pLTRFH41 Expression Vector 

The identification and isolation of two forms of FU4 
receptor tyrosine kinase (VEGFR-3) CDNA(Flt4 short form 
(Flt4s), Genbank Accession No. X6S203, SEQ ID NO: 1; 
and FH4 long form, (Flt4l), Genbank Accession Nos. 

20 X6S203 and S6C407, SEQ ID NO: 2) was reported in U.S. 
patent application Ser. No. 08/340,011, filed. Nov. 14, 1994, 
incorportaied by reference herein. An Flt4 expression vector 
designated pLTRFlt41 (encoding the long form of Flt4) was 
constructed using the pLTRpoly expression vector reported 

2? in Makela et al., Gene, 118: 293-294 (1992) (Genbank 
accession number X60280, SEQ ID* NO: 3) and the Flt4 
cDNAs, in the manner described in commonly-owned PCT 
patent application PCT/FI96/00427, filed Aug. 1, 1996, and 
commonly-owned U.S. patent application Ser. Nos. 08/671, 

"** 573, riled Jun. 28, 1996; 08/601,132, filed . Feb. 14, 1996; 
08/585,895, filed .Tan. 12, 1996; and 08/510,133, filed Aug. 
1, 1995, all of which are-incorporated by reference in their 
entirety. 

EXAMPLE 2 
Production and Analysis of FU41 Transfcctcd .Cells 

NIH 3T3 cells (60% confluent) were co-transfcctcd with 

43 5 micrograms of the pLTRFU41 construct and 0.25 micro- 
grams of the pSV2neo vector containing the neomycin 
phosphotransferase gene (Southern et al., J. Mol Appl 
Genet,, -1:327 (1982)), using the DOTAP liposo rue-based 
transfection reagents (Boehringer-Manuheim, Mannheim, 

45 Germany). One day after transfection, the cells were trans- 
ferred into selection media containing 0.5 mg/ml gencticin 
(GIBCO, Grand Island, N.Y.). Colonies of geneticin- 
resistant cells were isolated and analyzed for expression of 
the FU4 proteins. Cells were lysed in boiling lysis buffer 

50 containing 3.3% SDS and 125' mM Tris, pH 6.8. Protein 
concentrations of the samples were measured by the BCA 
method (Pierce, Rockford, 111.). About 50 micrograms of 
protein from each lysatc were analyzed for the presence of 
FH4 by 6% SDS-polyacrylamide gel electrophoresis (SDS- 

55 PAGE) and immunoblotting using antisera against the car- 
boxyl terminus of Flt4. Signals on Western blots were 
revealed using the ECL method (Amersham). 

For production of anti-FU4 antiserum, the FH4 cDNA 
fragment encoding the 40 carboxy-terminal amino acid 

60 residues of the Flt4 short form: NH2-PMTPTTYKG SVD- 
NQTDSGM VLASEEFEQI ESRHRQESGFR-COOH 
(SEQ ID NO: 4) was cloned as a 657 bp EcoRl-fragment 
into the pGEX-D.T bacterial expression vector (Pharmacia- 
LKB, Inc., Uppsala, Sweden) in frame with the glutathione- 

65 S -transferase coding region. The resultant GST-F114S fusion 
protein was produced in E. coli and purified by affinity 
chromatography using a glulathione-Sepharose 4B column. 
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The purified protein was lyophilizcd, dissolved in 
phosphate-buffered saline (PBS), mixed with Freund's adju- 
vant and used for immunization of rabbits at bi-weekly 
intervals using methods standard in ihe an (Harlow et al., 
Af tribadies: A Laboratory Manual (Cold Spring Harbor 
Laboratory Press, 198S)). Antisera were used, after the 
fourth booster immunization, for immtinoprecipitation of 
F1t4 from transfected cells. Cell clones expressing Flt4 were 
also used for ligand stimulation analysis. 

EXAMPLE 3 

Construction of a Fll4 EC Baculovirus Vector and 
Expression' and Purification of its Product 

Using the pVTBac plasmid described in Tessier et al.. 
Cane 9S:177-1S3 (1991), and the Flt4 cDNAs described in 
Example 1, a baculovirus expression vector was-constructed 
to facilitate expression of the extracellular domain of Flt4 
(Flt4 EC), as described in commonly-owned PCT patent 
application PCT/FI96/00427. filed Aug. 1, 1996, and 
commonlv-owned U.S. patent application Ser. Nos. OS/671, 
573, filed Jun. 28. 1996; OS/601,132, filed Feb. 14, 1996: 
08/585,895, filed Jan. 12, 1996; and OS/510, 133, tiled Aug. 
1, 1995, ail of which are incorporated by reference herein. 
A nucleotide sequence encoding a fixHis tag was operative! y 
connected to the Flt4 EC coding sequence to facilitate 
purification. 

The FU4EC construct was transfected together with bacu- 
lovirus genomic UNA into SF-9 cells by lipofection. 
Recombinant virus was purified, amplified and used for 
infection of High-Five cells (lnvitrogen, San Diego, Calif.) 
using methods standard in the art. The Flt4 extracellular 
domain (FU4EC) was purified from the culture medium of 
the infected High-Five cells using Ni-NTA affinity chroma- 
tography according to manufacturer's instructions (Qiagen) 
for binding and elution of the 6xHis tag encoded in the 
COOH-tcrminus of the recombinant FU4 extracellular 
domain. 

EXAMPLE 4 

Isolation of an Flt4 Ligand from Conditioned 
Media 

A human Flt4 ligand according to the invention was 
isolated from media conditioned by a PC-3 prostatic adeno- 
carcinoma cell line (ATCCCRL 1435) in serum-free Ham's 
F-12 Nutrient mixture (GIBCO) (containing 7 ( /t. fetal calf 
scrum (FCS)). Cells were rcsccdcd and grown in this 
medium, which was subsequently changed to serum-free 
medium. The preparation of the conditioned media, and the 
identification of a component therein which stimulated Flt4 
tyrosine phosphorylation, are described in detail in 
commonly-owned PCT patent application PCT/F1 96/00427, 
filed Aug. 1, 1996, and commonly-owned U.S. patent appli- 
cation Ser Nos. 08/67 1 ,573, filed .Tun. 28, !996; 08/601,132, 
filed Feb. 14, 1996; 0S/585,S95, filed Jan. 12, 1996; OS/510, 
133, filed Aug. 1, 1995; and 08/340,011, filed Nov. 14, 1994 
□ow U.S. Pat. No 5,726,755, all of which are incorporated 
by reference herein in their entirety. The ability of the 
conditioned medium to stimulate Ht4 phosyphorylation was 
considerably increased when the PC-3 conditioned medium 
was concentrated four-fold using a Centricon-10 concentra- 
tor (Amicon). Pretreatment of the concentrated PC-3 con- 
ditioned medium with 50 microliters of Flt4 extracellular 
domain coupled to CNBr-aclivated sepharose CL-4B 
(Pharmacia; about lmg of FU4EC domain/ml sepharose 
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resin) completely abolished Flt4 tyrosine phosphorylation. 
Similar pretreatment of the conditioned medium with unsub- 
siituted sepharose CL-4B did not affect stimulatory activity. 
Also, the flow through obtained after concentration, which 

5 contained proteins of less than 10,000 molecular weight, did 
not stimulate Flt4 phosphorylation. 

In another experiment, a comparison of FU4 autophos- 
phorylation in transformed NIH 3T3 cells expressing 
LTRF1U1 was conducted, using unconditioned medium, 
medium from PC-3 cells expressing the Flt4 ligand, or 
unconditioned medium containing either 50 ng.ml of 
VGGF165 or 50 ng/ml of P1GP-1. The cells were lysed. 
immunoprccipitatcd using anti-Flt4 antiserum and analysed 
by Western blotting using anti-phosphotyrosine antibodies. 

15 Only the PC-3 conditioned medium expressing the Flt4 
ligand (lane FM-4L) stimulated Flt4 autophosphorylation. 

Ihese experiments showed that PC-3 cells produce a 
ligand which hinds to the extracellular domain of FH4 and 
activates this receptor. 

EXAMPLE 5 
Purification of the FU4 Ligand 

The ligand expressed by humaD PC-3 cells as character- 
ized in Example 4 was purified and isolated using a 
recombinantly-produced FU4 extracellular domain (Flt4EC) 
in affinity chromatography. 

Two harvests of serum-free conditioned medium, com- 

,~ prising a total of 8 liters, were collected from 500 confluent 
15 cm diameler culture dishes containing confluent layers of 
PC-3 cells. The conditioned medium was clarified by cen- 
trifugaiion at lO.OOOxg and concentrated 80-fold using an 
Ultraseltc Tangential Flow Device (Fillron, No rthbo rough, 

vs Mass.) with a 10 kD cutoff Omega Ultrafiltration membrane 
according to the manufacturer's instructions. Recombinant 
Flt4 extracellular domain was expressed in a recombinant 
baculovirus cell system and purified by affinity chromatog- 
raphy on Ni-agarose (Ni-NTA affinity column obtained from 

4 ~ Oiagen). The purified extracellular domain was coupled to 
CNRr-activatcd Sepharose CL-4B at a concentration of 5 
mg/ml and used as an affinity matrix for ligand affinity 
chromatography. 

Concentrated conditioned medium was incubated with 2 

45 ml of the recombinant Flt4 extracellular domain-Scpharosc 
affinity matrix in a rolling tube at room temperature for 3 
hours. All subsequent purification steps were at +4° C. The 
affinity matrix was then transferred to a column with an 
inner diameter of 15 mm and washed successively with 100 

50 ml of PBS and 50 ml of 10 mM Na-phosphate buffer (pH 
6.8). Bound material was eluted step-wise with 100 mM 
glycinc-HCl, successive 6 ml clutions having pHs of 4.0, 
2.4, and 1.9. Several 2 ml fractions of the eluate were 
collected in lubes containing 0.5 ml 1 M Na-phosphate (pH 

55 8.0). Fractions were mixed immediately and dialyzed in 1 
mM Tris-HCl (pH 7.5). Aliquots of 75 //l each were analyzed 
for their ability to stimulate tyrosine phosphorylation of 
Flt4. The ultrafiltrate, 100 //I aliquots of the concentrated 
conditioned medium before and after ligand affinity 

go chromatography, as well as 15-fold concentrated fractions of 
material released from the Flt4 extracellular domain- 
Seph arose matrix during the washings were also analyzed 
for their ability to stimulate Flt4 tyrosine phosphorylation. 
The concentrated conditioned medium induced prominent 

65 tyrosine phosphorylation of Flt4 in transfected NIH 3T3 
cells overexpressing Flt4. This activity was not observed in 
conditioned medium taken after medium was exposed to the 
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Flt^ Scpharosc affinity matrix. The spccirtcally-bound FU4- 
stimulating material was retained on ihe affinity matrix after 
washing in PBS, 10 mM Na-phosphate buffer (pH 6.8). and 
at pH 4.0. Ii was eluted in the first two 2 ml aliquots at pH 
2.4. A further decrease of the pH of the elutiou buffer did not 
cause release of additional Flt4-stimulating material. No 
Flt4 phosphorylation was observed in a control wherein 
Flt4-cxprcssing cells were treated with unconditioned 
medium; similarly, no phosphorylation was observed fol- 
lowing treatment of Fli4 -expressing cells with the ultrafil- 
trate fraction of conditioned medium containing polypep- 
tides of less than 10 kD molecular weight. 

Small aliquots of the chromatographic fractions were 
concentrated in a SpeedVac concentrator (Savant, 
Farmingdale, N.Y.)' and subjected to SDS-PAGE under 
reducing conditions with subsequent silver staining of the 
gel, a standard techuique7in the art. The major polypeptide, 
having a molecular weight of approximately 23 kD 
(reducing conditions), was detected in the fractions contain- 
ing Flt4 stimulating activity. That polypeptide was not found 
in the other chromatographic fractions. On the other hand, 
besides these bands and a very faint band having a 32 kD 
mobility, all other components detected in the two active 
fractious were also distributed in the starling material and in 
small amounts in the other washing and eluting steps after 
their concentration. Similar results were obtained in three 
independent affinity purifications, indicating thai the 23 kD 
polypeptide specifically binds to FU4 and induces tyrosine 
phosphorylation of FU4. 

Fractions containing the 23 kD polypeptide were 
combined, dried in a SpeedVac concentrator and subjected 
to SDS-PAGE in a 12.5% gel. The proteins from the gel 
were then eleclroblotted to Immobilon-P (PVDF) transfer 
membrane (Millipore, Marlborough, Mass.) and visualized 
by staining of the blot with Coomassie Blue R-250. The 
region containing only the stained 23 kD band was cut from 
the blot and subjected to N-terminal amino acid sequence 
analysis in a Prosite Protein Sequencing System (Applied 
Riosystcms, Foster City, Calif.). The data were analyzed 
using a 610A Data Analysis System (Applied Biosystems). 
Analysis revealed a single N-terminal sequence of NFL — 
XEETIKFAAAHYNTEILK— COOH (SEQ ID NO: 5)." 

EXAMPLE 6 

Construction of PC-3 Cell cDNA Library in a 
Eukaryoiic Expression Vector 

Human poly(A)* RNA was isolated from five 15 cm 
diameter dishes of confluent PC-3 cells by a single step 
method using oligo(dT) (Type III, Collaborative Biomedical 
Products, Becton-Dickinson Labware, Bedford, Mass.) cel- 
lulose affinity chromatography (Sambrook ei al.. 19S9). The 
yield was 70 micrograms. Six micrograms of the Poly(A)* 
RNA were used to prepare an oligo(dT)- primed cDNA 
library in the mammalian expression vector pcDNA I and 
the Librarian kit of Invitrogen according to the instructions 
included in the kit. The library was estimated to contain 
about 10 6 independent recombinants with an average insert 
size of approximately 1.8 kb. 

EXAMPLES 7-9 

Amplification of a CDNA Encoding the Flt4 
Ligand Amino Terminus 

The procedures used to isolate a cDNA encoding the Flt4 
ligand are described in detail in commonly-owned PCT 
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patent application PCT/FI 96/004 27, filed Aug. 1, 1 996, and 
commonlv-owned U.S. patent application Ser. Nos. OS/671, 
573: filed Jun. 28, 1996; OS/601,132, filed Feb. 14. 1996; 
08/585,895, filed Jan. 12, 1996; and 0S/5 10.133, filed Aug. 

5 1, 1995, all of which are incorporated by reference herein. 
Initially, degenerate oligonucleotides were designed based 
on the N-tcrmina) amino acid sequence of the isolated 
human Flt4 ligand and were used as primers in a polymerase 
chain reaction (PCR) to amplify a partial cDNA encoding 
the (fully -processed) Flt4 ligand amino terminus from the 

l " PC-3 cDNA library. The amplified cDNA fragment was 
cloned into a pCR 11 vector (Invitrogen) using the TA 
cloning kit (Invitrogen) and sequenced using the radioactive 
dideoxynucleotide sequencing method of Sanger. Six clones 
were analyzed and all six clones contained the sequence 

1 ^ encoding the expected peptide (amino acid residues 104-120 
of the Flt4 ligand .precursor, SEQ ID NO: 8). Nucleotide 
sequence spanning the region from the third nucleotide of 
codon 6 to the third nucleotide of codon 13 (the extension 
region between the PCR primers) was identical in all six 

2 " clones and thus represented an amplified product from the 
unique sequence encoding pan of the amino terminus of the 
Fll4 ligand. 

Based on the unique nucleotide sequence encoding the 
N-terminus of the isolated human FH4 ligand, two pairs of 
nested primers were designed to amplify, in two nested PCR 
reactions, the complete 5'-end of the corresponding cDNAs 
from one microgram of DNA of the above-described PC-3 
cDNA library. One major product of about 220 bp and three 
3 „ minor products of about 270 bp, L50 bp, and 100 bp were 
obtained. 

The amplified fragment of approximately 220 bp was 
excised from an agarose gel. cloned into a pCRIl vector 
using the TA cloning kit, and sequenced. Three recombinant 

„ clones were analyzed and they contained the sequence 
5 ' -TC ACTATAGG G AG ACCC AAGCTTG GTACCG AG - 
CTCGGAICCACIAGTAACGGCCGCC AGTGTGGTG- 
C, A ATTCG AC GAACTCATGA- 
CTG TA CTCTA CC C A G AATATTG G AAAATG 

.„ TA C A A G TGTC A G CTA A G G C A A G G A G G CTG G 
" CAACATAACAGAGAACAGGCCAACCTC 
AACTCAAGGACAGAAGAGACTATAAAA 
TTCGCTGCAGCACACTACAAC -3' (SEQ ID NO: 6) The 
beginning of the sequence represents the vector and the 

45 underlined sequence represents the amplified product of the 
5*-end of the cDNA insert. 

Based upon the amplified 5-sequence of the clones 
encoding the amino terminus of the 23 kD human Flt4 
ligand, two pairs of non -overlapping nested primers were 

53 designed to amplify the 3'-portion of the Flt4-ligand- 
encoding cDNA clones via PCR. Two DNA fragments were 
obtained, having sizes of 1350 bp and 570 bp. Those 
fragments were cloned into a pCRIl vector and the inserts of 
the clones were sequenced. Both of these fragments were 

^ s found to contain sequences encoding an amino acid 
sequence homologous to the VEGF sequence. 

EXAMPLE 10 

Screening the PC-3 Cell CDNA Library Using the 
5* PCR Fragment of Flt4 Ligand CDNA 
A 153 bp fragment encoding the 5' end of the FH4 ligand 
was labeled with [ 32 P]-dCTP using the Klenow fragment of 
E. coli DNA polymerase I (Boehringer Mannheim). That 
fragment was used as a probe for hybridisation screening of 
65 the amplified PC-3 cell cDNA library. 

Filter replicas of the library were hybridized with the 
radioactively labeled probe at 42° C. for 20 hours in a 
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.solution cr.niaining 50Cf formamidc, 5xSSPE, 5xDcnhardt's 
solution, 0A% SDS and 0.1 mg'ml denatured salmon sperm 
DNA. Fillers were washed twice in lxSSC, 0.1% SDS for 
30 minutes at room temperature, tben twice for 30 minutes 
at 05° C. and exposed overnight. 

On the hasis of autoradiography, 10 positive recombinant 
bacterial colonies hybridizing with the probe were chosen 
from the library. Plasmid DNA was purified from these 
colonies and analyzed by EcoRI and Noil digestion and 
agarose gel electrophoresis followed by cthidiuin bromide 
staining. The ten plasmid clones were divided into three 
groups on the basis of the presence of insert sizes of 
approximately 1.7, 1.9 and 2.1 kh, respectively. Inserts of 
plasmids from each group were sequenced using the T7 
oligonucleotide as a primer and walking primers for subse- 
quent sequencing reactions. 

Sequence analysis showed that all clones contain the open 
reading frame encoding the NH2-tcrmina1 sequence of the 
23 kD human Flt4 ligand. Dideoxy sequencing was contin- 
ued using walking primers in the downstream direction. A 
complete human cDNA sequence and deduced amino acid 
sequence from a 2 kb clone is set forth in SEQ ID NOs: 7 
and 8, respectively. A putative cleavage site of a "prepro" 
leader sequence is located between residues 102 and 103 of 
SEQ ID NO: S. When compared with sequences in the 
GenBank Database, the predicted protein product of this 
reading frame was found to be homologous with the pre- 
dicted amino acid sequences of the PDGF/VEGF family of 
growth factors, as shown in FIGS. 2A. 2B and 2C. 

Plasmid pFLT4-L, containing the 2.1 kb human cDNA 
clone in pcDNAl vector, has been deposited with the Ameri- 
can Type Culture Collection, 12301 Parklawn Drive. 
Rockville, Md. 20852 as accession number 97231. 

EXAMPLE 11 

Stimulation of Fli4 Autophosphorylation by the 
Protein Product of the Flt4 Ligand Vector 

The 2.1 kb human cDNA insert of plasmid pFlt4-L, which 
contains the open reading frame encoding the sequence 
shown in SEQ ID NOs: 7 and 8; humaD prepro-VEGF-C, see 
below), was cut out from the pcDNAJ vector using Hindlll 
and NotI restriction enzymes, isolated from a preparative 
agarose gel, and ligaicd to the corresponding sites in the 
pREP7 expression vector (Invitrogen). The pREP7 vector 
containing the'pFlt4-L insert was transfecied into 293- 
EBNA cells (Invitrogen) using the calcium phosphate trans- 
fection method (Sambrook et al., 19S9). About 4S hours 
after transfection the medium of the transfecied cells was 
changed to DMCM medium lacking fetal calf serum and 
incubated for 36 h. The conditioned medium was then 
collected, centrifuged at 5000xg for 20 minutes, the super- 
natant was concentrated 5-fold using Centriprep 10 
(Amicon) and used to stimulate NIH 3T3 cells expressing 
LTRFll41 (the Flt4 receptor) as in Example 4, The cells were 
lysed, immuuoprecipitated using anti-Flt4 antiserum and 
analyzed by Western blotting using anti-phosphotyrosine 
antibodies. 

The conditioned medium from two different dishes' of the 
transfected cells stimulated FIt4 autophosphorylation in 
comparison with the medium from mock-transfected ceils, 
which gave only background levels of phosphorylation of 
the Flt4 receptor. When the concentrated conditioned 
medium was pre -absorbed with 20 microliters of a slurry of 
FU4EC domain coupled to Sepharose (see example 4), no 
phosphorylation was obtained, showing that the activity 
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responsible for Fli4 autophosphorylation was indeed the 
Flt4 ligand. Thus, these results demonstrate that an expres- 
sion vector having an approximately 2.1 kb insert and 
containing an open reading frame as shown in SEQ ID NO: 

5 7 is expressed as a biologically active Flt4 ligand (VEGF-C) 
in transfecied cells. The sequence encoded bv that open 
reading frame is shown in SEQ TD NO: 8. 

The deduced molecular weight of a polypeptide consist- 
ing of the complete amino acid sequence in SEQ ID NO: 8 

r . (residues 1 to 419) is 46,883. The deduced molecular weight 
of a polypeptide consisting of amino acid residues 103 to 
419 of SEQ ID NO: 8 is 35,881. The FIt4 Ligand purified 
from PC-3 cultures had an observed molecular weight of 
about 23 kD as assessed by SDS-PAGE under reducing 

.,- conditions. Thus, it appeared that the Flt4 ligand mRNAwas 
translated into a precursor polypeptide, from which the 
mature.ligand was derived by proteolytic cleavage. Also, the 
Flt4 ligand may be glycosylated at three putative N-linked 
glycosylaiion sites conforming to ihe consensus which can 

^ be identified in the deduced Flt4 ligand amino acid sequence 
(N-residues underlined in FIGS. 2 A, 2B and 2C). 

J*he carboxyl terminal amino acid sequences, which 
increase the predicted molecular weight of the FH4 ligand 
subunit in comparison with other ligands of this family, 

■! 5 show a pattern of spacing of cysteine residues reminiscent of 
the Balbiani ring 3 protein (BR3P) sequence (Dignam et al., 
Gene, 88:133-140 (1990)). Such a sequence may encode an 
independently folded domain present in a Flt4 ligand pre- 
cursor and it may be involved, for example, in the regulation 

^ of secretion, solubility, stability, cell surface localization or 
activity of the Flt4 ligand. Interestingly, at least one cysteine 
motif of the BR3P type is also found in the VEGF carboxy 
terminal amino acid sequences. 

Thus, the Flt4 ligand MRNA appears first lo be translated 

.is into a precursor from the MRNA corresponding to the cDNA 
insert of plasmid FLT4-L, from which the mature ligand is 
derived by proteolytic cleavage. To define the mature FU4 
ligand polypeptide, one first expresses the cDNA clone 
(which is deposited in the pcDNAT expression vector) in 

4C cells, such as COS cells. One uses antibodies generated 
against encoded polypeptides, fragments thereof, or bacte- 
rial Flt4 fusion proteins, such as a GST-fusion protein, to 
raise antibodies against the VEGF-homologous domain and 
the amino- and carboxyl-termiual propeptides of Flt4 ligand. 

45 One then follows the biosynthesis and processing of the Flt4 
ligand in the transfected cells by pulse-chase analysis using 
radioactive cysteine for labelling of ihe cells, 
immunoprecipitation, and gel electrophoresis. Using anti- 
bodies against the three domains of the product encoded by 

5C the cDNA insert of plasmid FLT4-L, material for radioactive 
or nonradioactive amino -terminal sequence analysis is iso- 
lated. The determination of the amino-terminal sequence of 
' the mature VEGF-C polypeptide allows for identification of 
the amino-terminal proteolytic processing site. The deter- 

55 mination of the amino-terminal sequence of the carboxyl- 
terminal propeptide will give the carboxyl-terminal process- 
ing site. This is confirmed by site-directed mutagenesis of 
the amino acid residues adjacent to the cleavage sites, which 
would prevent the cleavage. 

60 The Fll4 ligand is further characterizeable by progressive 
3* deletions in the 3' coding sequences of the Flt4 ligand 
precursor clone, introducing a stop codon resulting in 
carboxy-terminal truncations of its protein product. The 
activities of such truncated forms are assayed by, for 

65 example, studying Flt4 autophosphorylation induced by the 
truncated proteins when applied to cultures of cells, such as 
NIH 3T3 cells expressing LTRFU41. By extrapolation from 
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studies of the structure of the related platelet derived growth 
factor (PDGF, Heldin et al.. Growth Factors, 8:245-252 
(1993)) one determines that the region critical for receptor 
activation by the Flt4 ligand is contained within the first 
approximately ISO amino acid residues of the secreted 
VEGF-C protein lacking the putative 102 amino acid prepro 
leader (SEQ ID NO: 8f residues 103-282), and apparently 
within the first approximately I 20 amino acid residues (SEQ 
ID NO: 8, residues 103-223). 

Ou the other hand, the difference between the molecular 
weights observed tor the purified ligand and deduced from 
the open reading frame of the Flt4 ligand clone may be due 
to the fact that the soluble ligand was produced from an 
alternatively spliced MRNA which would also be present in 
the PC-3 cells, from which the isolated ligand was derived. 
To isolate such alternative cDNA clones one uses cDNA 
fragments of the deposited clone and PCR primers made 
according to the sequence provided as well as techniques 
standard in the art to isolate or amplify alternative cDNAs 
from the PC-3 cell cDNA library. One may also amplify 
using reverse transcription (RT)-PCR directly from the PC-3 
MRNA using the primers provided in the sequence of the 
CDNA insert of plasmid FLT4-L. Alternative cDNA 
sequences are determined from the resulting cDNA clones. 
One can also isolate genomic clones corresponding to the 
Flt4 ligand MRNA transcript from a human genomic DNA 
library using methods standard in the art and sequence such 
clones or their subcloned fragments to reveal the corre- 
sponding exons. Alternative exons can then be identified by 
a number of methods standard in the art, such as heterodu- 
plex analysis of CDNA aud genomic DNA, which are 
subsequently characterized. 

EXAMPLE 12 

Expression of the Gene Encoding VEGF-C in 
Human Tumor Cell Lines 

Expression of transcripts corresponding to the Flt4 ligand 
(VEGF-C) was analyzed by hybridization of Northern blots 
containing isolated poly(A) + RNA from HT-1OS0 and PC-3 
human tumor cell lines. The probe was the radioaclively 
labelled insert of the 2.1 kb cDNA clone (pFU4-LA/EGF-C, 
specific activity 10 e -10 ? cpm/mg of DNA). The blot was 
hybridized overnight at 42 & C. using 50% formamidc, 
5xSSPE buffer, 2% SDS, lOxDenhardt's solution, 100 
mg/ml salmon sperm. DNA and 1x10° cpm of the labelled 
probe/ml. The blot was washed at room temperature for 
2x30 minutes in 2xSSC containing 0.05% SDS, and then for 
2x20 minutes at 52° C. in O.lxSSC containing 0,1% SDS. 
The blot was then exposed at -70° C. for three days using 
intensifying screens and Kodak XAR film. Roth cell lines 
expressed an Flt4 ligand mRNA of about 2.4 kb, as well as 
VEGF and VEGF-B mRNAs. 

EXAMPLE 13 

VEGF-C Chains Arc Protcolytically Processed 
After Biosynthesis and Disulfide Linked 

The predicted molecular mass of a secreted human 
VEGF-C polypeptide, as deduced from the VEGF-C open 
reading frame, is 46.883 kD, suggesting that VEGF-C 
mRNA may be first translated into a precursor, from which 
the observed ligands of 21/23 kD and 29/32 kD are derived 
by proteolytic cleavage. 

This possibility was explored by metabolic labelling of 
293 EBNA cells expressing VEGF-C. Initially, 293 EBNA 



cells were transfected with the VEGF-C cDNA construct. 
Expression products were labeled by the addition of 100 
«Ci/ml of Pro-mix™ L-[ J5 S] in vitro cell labelling mix 
((containing 35 S-methionine and ~ 5 S-cysteine) Amersham, 
Buckinghamshire, England) to the culture medium devoid of 
cysteine and methionine. Alter two hours, the cell layers 
were washed twice with PBS and the medium was then 
replaced with DM EM -0.2 'ft FJSA. After I, 3, 6, 12 and 24 
hours of subsequent incubation, the culture medium was , 
collected, clarified by centrifugation, and concentrated, and 
human VEGF-C was bound to 30 id of a slurry of Flt4EC- 
Sepharose overnight at +4 C C. followed by three washes in 
PBS T two washes". in 20 mM Tris-HCl (pH 7.5), alkylation, 
SDS-PAGE and autoradiography. Alkylation was carried out 
by treatment of the samples with 10 mM 1,4 Dithiothreitol 
(Boehringer-Mannheim, Mannheim, Germany) for one hour 
at 25 c C, and subsequently with 30 mM iodoacetamide 
(Fluka, Buchs, Switzerland). 

These experiments demonstrated that a putative precursor 
polypeptide of 32 kD apparent molecular mass was bound to 
the Flt4EC affinity matrix from the conditioned medium of 
metabolically labelled cells transfected with the human 
VEGF-C expression vector (FIG. 3A), but not from mock 
(M) transfected cells. Increased amounts of a 23 kD receptor 
binding polypeptide accumulated in the culture medium of 
VEGF-C transfected cells during a subsequent chase period 
of three hours, but not thereafter (lanes 2-4 and data not 
shown), suggesting that the 23 kD form is produced by 
proteolytic processing, which is incomplete, at least in the 
transiently transfected cells. The arrows in FIG. 3A indicate 
the 32 kD aud 23 kD polypeptides of secreted VEGF-C. 
Subsequent experiments showed that the 32 kD VEGF-C 
form contains two components migrating in the absence of 
alkylation as polypeptides of 29 and 32 kD (FIGS. 6-8). 

In a related experiment, human VEGF-C isolated using 
Fll4EC-Sepharose after a 4 h continuous metabolic labelling 
was analyzed by polyacrylamide gel electrophoresis in non- 
reducing conditions (HG. 3B). Higher molecular mass 
forms were observed under nonrcduci'ng conditions, sug- 
gesting that the VEGF-C polypeptides can form disulfide - 
linked dimers and/or multimers (arrows in FIG. 3B). 

Additional experiments have shown that higher molecular 
mass forms of VEGF-C (about 58 kD and about 43 kD) are 
observed under reducing conditions as well. (Sec below and 
FIGS. 6A and 14A.) 

EXAMPLE 14 

Stimiulation Of VEGPR-2 Autophosphorylation By 
VEGF-C 

Conditioned medium (CM) from 293 EBNA cells trans- 
fected with the human VEGF-C vector also w as used to 
stimulate porcine aortic endothelial (PAE) cells expressing 
VEGFR-2 (Kdr). Pajusola et al., Oncogene, 9:3545-55 
(1994); Waltenberger et al., J. Biol. Chetn. : 
269:26958-26995 (1994). The cells were lysed and immu- 
noprecipitated using VEGFR-2-specific antiserum 
(Waltenberger ct al., 1994). 

. PAE -KDR cells (Waltenberger el al., 1994) were grown in 
Ham's F12 medium -10% fetal calf serum (FCS). Confluent 
NHI 3T3-FH4 cells or PAE-KDR cells were starved over- 
night in DMEM or Ham's F12 medium, respectively, 
supplemented with 0.2% bovine serum albumin (BSA), and 
then incubated for 5 minutes with the analyzed media. 
Recombinant human VEGF (R&D Systems) and PDGF-BB, 
functional as stimulating agents, were used as controls. The 
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cells were washed iwicc wiih ice -cold Tris-Rufrcrcd Saline 
(TBS) containing 100 mM sodium orthovanadaie and lysed 
in RIPA buffer containing 1 mM phenylmethylsulfonyl 
fluoride (PMSF), 0.1 U<ml aprotinin and 1 mM sodium 
onhovanadate. The lysates were sonicated, clarified by 
centrifugation at 16 : 000xg for 20 minutes and incubated for 
3-fi hours on ice with 3-5 tt\ of antiscrn specific for Fit 4 
(Pajusola et aL, 1993), VEGFR-2 or PDGFR-|3 (Claesson- 
Welsh et al., J. Biol. Chenu, 264:1742-1747 (1989); Wali- 
enberger et aL, 1994). Immunoprecipitates were bound to 
proteiu A-Seph arose, washed three times with RIPA buffer 
containing 1 mM PMSF, 1 mM sodium orthovanadaie. 
washed twice with 10 mM Tris-IICl (pll 7.4), and subjected 
to SDS-PAGE using a 7% gel. Polypeptides were transferred 
to nitrocellulose by Western blotting and analyzed using 
PY20 phosphotyrosine-specific monoclonal antibodies 
(Transduction Laboratories) or receptor-specific antiserum 
and the ECL detection method (Amersham Corp.). 

PAE cells expressing VEGFR-2 were treated with 10- or 
2-fold concentrated medium from mock-tiansfected 293- 
EBNA cells, or with 2-. 5- or 10-fold concentrated medium 
from 293-EBNA cell cultures expressing the recombinant 
VEGF-C. VEGFR-2 was immunoprcci pita ted with specific 
antibodies and analyzed by SDS-PAGE and Western blotting 
using phosphotyrosine antibodies. For comparison, the treat- 
ments were also carried out with non-conditioned medium 
containing 50 ng/nil of purified recombinant VEGF. Addi- 
tional cells were also treated with VEGF-C- or VEGF- 
containing media pretreated with Flt4EC. 

The results of this experiment were as follows. A basal 
level of tyrosine phosphorylation of VEGFR-2 was detected 
in cells stimulated by CM from the mock-transfected cells. 
A further concentration of this medium resulted in only a 
slight. enhancement of VEGFR-2 phosphorylation. CM con- 
taining recombinant VEGF-C stimulated tyrosine autophos- 
ph'orylatton of VEGFR-2 and the intensity of the autophos- 
phorylated polypeptide band was increased upon 
concentration of the VEGF-C CM. Furthermore, the stimu- 
lating effect was abolished after pretrcalmcnt of the medium 
with the FU4EC affinity matrix. The maximal effect of 
VEGF-C in this assay was comparable to the effect of 
recombinant VEGF added to unconditioned medium at 
concentration uf 50 ng'ml. Pretreaiment of the medium 
containing VEGF with Flt4EC did not abolish its stimulating 
effect on VEGFR-2. These results suggest that the VEGF-C 
expression vector encodes a lisand not only for Flt4 
(VEGFR-3), but also for Kdr/Flk~l (VEGFR-2)' 

In order to further confirm that the stimulating effect of 
VEGF-C on tyrosine phosphorylation of VEGFR-3 and 
VEGFR-2 was receptor-specific, we analyzed the effect of 
VEGF-C on tyrosine phosphorylation of PDGF receptor (5 
(PDGFR-[3) which is abundantly expressed on fibroblastic 
cells. PDGFR-p-expressing NIH 3T3 cells were treated with 
uon-conditioned medium, 5 -fold concentrated CM from 
mock-transfected or VEGF-C-transfecied cells, or with non- 
conditioned medium containing 50 ng/ml of recombinant 
human PDGF-BB. Medium containing VEGF-C was also 
pretreated with recombinant Fll4EC (lane 4). PDGFR-pwas 
immunoprecipitated with specific antibodies and analyzed 
by SDS-PAGE and Western blotting using phusphotyrosine 
antibodies with subsequent stripping and reprobing of the 
membrane with antibodies specific for PDGFR-|3. A weak 
tyrosine phosphorylation of PDGFR-p was detected upon 
stimulation of Flt4-expressing NIH 3T3 cells with CM from 
the mock-transfected cells. A similar low level of PDGFR-|3 
phosphorylation was observed when the cells were incu- 
bated with CM from the VEGF-C transfected cells, with or 



wiihout prior treatment with FU4EC In contrast, the addi- 
tion of 50 ng.-ml of PDGF-BB induced a prominent tyrosine 
amophospnorylation of PDGFR-p. 

EXAMPLE 15 

VEGF-C Stimulates Endothelial Cell Migration In 
Collagen Gel - 

Conditioned media (CM) from cell cultures transfected 
with the VEGF-C expression vector was placed in a well 
made in collagen gel and used to stimulate the migration of 
bovine capillary endothelial (RCE) cells in the three- 
dimensional collagen gel as follows. 

BCE cells (Folkman et al.. Proc. Natl Acad. Sci. (USA), 
76:5217-5221 (1979)) were cultured as described in Per- 
tovaara et aL, J. Biol Chem., 269:6271-74 (1994). The 
collagen gels were prepared by mixing type I collagen stock 
solution (5 mg'ml in 1 mM HC1) with an equal volume of 
2xMEM and 2 volumes of MEM containing 109c newborn 
calf serum to give a final collagen concentration of 1.25 
mg/ml. The tissue culture plates (5 cm diameter) were 
coated with about 1 mm thick layer of the solution, which . 
was allowed to polymerize at 37° C. BCE cells were seeded 
on top of this layer. For the migration assays, the cells were 
allowed to attach inside a plastic ring (1 cm diameter) placed 
on top of the first collagen layer. Adfter 30 minutes, the ring 
was removed and unattached cells were rinsed away. A 
second layer of collagen and a layer of growth medium (S9c 
newborn calf serum (NCS)), solidified by 0.75 c /£; low melt- 
ing point agar (FMC BioProducts, -Rockland, Mc), were 
added, A well (3 mm diameter) was punched through all the 
layers on both sides of the cell spot at a distance of 4 mm, 
and the sample or control media were pipetted daily into the 
wells. Photomicrographs of the cells migrating out from the 
spot edge were taken after six days through an Olympus CK 
2 inverted microscope equipped with phase-contrast optics. 
The migrating cells wxrc counted after nuclear staining with 
the fluorescent dye bisbenzimide (I mg/ml, Hoechst 3325S, 
Sigma). 

FIG. 4 depicts a comparison of the number of cells 
migrating at different distances from the original area of 
attachment towards wells containing media conditioned by 
the non-transfected (control) or transfected (mock; VEGF- 
C; VEGF) cells, 6 days after addition of the media. The 
number of cells migrating out from the original ring of 
attachment was counted in five adjacent 0.5 mmx0.5 mm 
squares using a microscope ocular lens grid and lOx mag- 
nification with a fluorescence microscope. Cells migrating 
further than 0.5 mm were counted in a similar way by 
moving the grid in 0.5 mm steps. The experiments were 
carried out twice with similar results, and medium values 
from the one of the experiments are presented with standard 
error bars. As can be seen from the columns, VEGF-C- 
containing CM stimulated cell migration more than medium 
conditioned by the non-transfected or mock-transfected cells 
but less than medium from cells transfected with a VEGF 
expression vector. Daily addition of 1 ng of FGF2 into the 
wells resulted in the migration of approximately twice the 
number of cells when compared to the stimulation by CM 
from VEGF- transfected cells. 

In related experiments, a "recombinantly-matured" 
VEGF-C polypeptide (VEGF-C ANACHis,' described 
below) was shown to stimulate the incorporation of 
3 H-thymidine into the DNA of BCE cells in a dose depen- 
dent manner (VEGF-C concentrations of 0, 10, 100, and 
1000 pM tested). This data tends to confirm the observation, 
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im muni/at ion of rabbits at hi -weekly intervals using meth- 
ods standard in the art (Harlow and Lane, Antibodies, a 
laboratory manual, Cold Spring Harbor Laboratory Press 
(19SS)). Antisera obtained after the fourth booster immuni- 
zation was used for i m m u nop recip nation of VEGF-C in 
pulse-chase experiments, as described below. 

Tor pulse-chase analysis. 293 EDNA celLs transfected 
with a VEGF-C expression vector (i.e., the Ff.T4-T. CON A 
inserted into the pREP7 expression vector as described 
above) were incubated for 30 minutes in methionine-free, 
cysteine-free, serum-free DMEM culture medium at 37 s C 
The medium was then changed, and 200 uCi of Pro-mix™ 
■ (Amersham), was added. The cell layers were incubated in 
this labeling medium for two hours, washed with PBS. and 
incubated for 0, 15, 30, 60, 90^ 1 20, or IR0 minutes in 
serum-free DMEM (chase). After the various chase periods, 
the medium was collected, the cells were again washed two 
times in PBS, and lysed in immunoprecipitation buffer. The 
VEGF-C polypeptides were analyzed from both the culture 
medium and from the cell lysates by immunoprecipitation. 
using the VEGF-C-spcciric antiserum raised against the 
NH,-terminai peptide (PAM126) of the 23 kD VEGF-C 
form. Immunoprecipitated polypeptides were analyzed via 
SDS-PAGE followed by autoradiography. 

The resultant autoradiograms demonstrated that immedi- 
ately after a 2 hour labeling (chase time 0), the VEGF-C 
vector-transfected cells contained a radioactive polypeptide 
band of about 58 kD (originally estimated to be about 55 kD, 
and re-evaluated to be about 58 kD using different size 
standards), which was not observed in mock-transfected 
cells (M). Most of this -5S kD precursor undergoes dimer- 
ization. This — 55 kD polypeptide band gradually diminished 
in intensity with increasing chase periods. A 32 kD polypep- 
tide band also is observed in VEGK-C transfected cells (but 
not mock-transfcetcd cells). This 32 kD band disappears 
from cells with similar kinetics to that of the -5S kD band. 
Additional analysis indicated that the 32 kD band was a 
doublet of 29 kD and 31-32 kD forms, held together by 
disulfide bonds. Simultaneously, increasing amounts of 32 
kD and subsequently 23 kD and 14-15 kD polypeptides 
appeared in the medium. 

Collectively, the data from the pulsc-chasc experiments 
indicate that the ~5S kD intracellular polypeptide represents 
a pro- VEGF-C polypeptide, which is proteolytically cleaved 
either intracellular^ or at the cell surface into the 29 kD and 
31-32 kD polypeptides. The 29/31 kD form is secreted and 
simultaneously further processed by proteolysis into the 23 
kD and 14—15 kD forms. In additional experiments, disulfide 
linked dimcrs of the 29 kD and ! 5 kD forms were observed. 
Without intending to be limited to a particular theory, it is 
believed that processing of the VEGF-C precursor occurs as 
removal of a signal sequence, removal of the COOH- 
terminal domain (BR3P). and removal of an amino terminal 
polypeptide, resulting in a VEGF-C polypeptide having the 
TEE . . . amino terminus. 

At high resolution, the 23 kD polypeptide hand appears as 
a closely-spaced polypeptide doublet, suggesting heteroge-. 
neity in cleavage or glycosylation. 

EXAMPLE 20 

Isolation of Mouse and Quail CDNA Clones 
Encoding VEGF-C 

To clone a murine VEGF-C. approximately lxlO 6 bacte- 
riophage lambda clones of a commercially-available 12 day 
mouse embryonal cDNA library (lambda EXlox library, 
Novagen, catalog number 69632-1) were screened with a 



radiolabeled fragment of human VEGF-C CDNA containing 
nucleotides 495 to 1661 of SEQ ID NO: 7. One positive 
clone was isolated. 

A 1323 bp EcoRf/HindlH fragment of the insert of the 
isolated mouse cDNA clone was sub cloned into the corre- 
sponding sites of the pFtlucscript SK+ vector (Stratagcnc) 
and sequenced. The cDNA sequence of this clone was 
homologous to the human VEGF-C sequence reported 
herein, except that about 710 bp of 5'-end sequence present 
in the human clone was not preseut in the mouse clone. 

For further screening of mouse cDKA libraries, a Hindi! I - 
RstXI (HindlH site is from the pRluescript SK+ pnlylinker) 
fragment of 881 bp from the coding region of the mouse 
cDNA clone was radiolabeled and used as a probe to screen 
twu additional mouse cDNA libraries. Two additional cDNA 
clones from an adult mouse heart ZAP II cDNA library 
(Strata gene, catalog number 936306) were identified. Three 
additional clones also were isolated from a mouse heart 
5'-stretch-plus cDNA library in /.gtll (Clontech 
Laboratories. Inc., catalog number ML5002b). Of the latter 
three clones, one was found to contain an insert of about 1.9 
kb. The insert of this cDNA clone was subcloned into EcoRI 
sites of pBluescript SK+ vector and both strands of this 
clone were completely sequenced, resulting in the nucle- 
otide and deduced amino acid sequences shown in SEQ ID 
NOs: 10 and U. 

It is contemplated thai the polypeptide corresponding to 
SEQ ID NO: 11 is processed into a mature mouse VEGF-C 
protein, in a manner analogous to the processing of the 
human VEGF-C prepropeptidc. Putative cleavage sites for 
the mouse protein are identified using procedures outlined 
above for identification of cleavage sites for the human 
VEGF-C polypeptide. 

The foregoing results demonsof polynucleotity of poly- 
nucleotides of the invention for identifying and isolating 
polynucleotides encoding other non-human mammalian 
VEGF-C proteins. Such identified and isolated 
polynucleotides, in turn, can be expressed (using procedures 
similar to those described in preceding examples) to produce 
recombinant polypeptides corresponding to non-human 
mammalian forms of VEGF-C 

The mouse and human VEGF-C sequences were used to 
design probes for isolating a quail VEGF-C cDNA from a 
quail cDNA library. A fragment of (he human VEGF-C 
cDN A comprising nucleotides 495-1670 of SEQ ID NO: 7 
was obtained by PCR amplification, cloned into the pCRII 
vector (Invitrogen) according to the manufacturer's 
instructions, and amplified. The insert was isolated by Eco 
RI digestion and preparative gel electrophoresis and then 
labelled using radioactive dCTP and random priming. A 
cDNA library made from quail embryos of stage E-4 in 
pcDNA-1 vector (Invitrogen) was then screened using this 
probe. About 200,000 colonies were plated and filler replicas 
were hybridized with the radioactive probe. Nine positive 
clones were identified and secondarily plated. Two of the 
nine clones hybridized in secondary screening. The purified 
clones (clones 1 and 14) had approximately 2.7 kb Eco RI 
inserts. Both clones were amplified and then sequenced 
using the T7 and SP6 primers (annealing to the vector). In 
addition, an internal Sph 1 restriction endonuclease cleavage 
site was identified about 1.9 kb from the T7 primer side of 
the vector and used for subcloning 5'- and 3'- Sph I 
fragments, followed by sequencing from the Sph I end of the 
subclones. The sequences obtained were identical from both 
clones and showed a high degree of similarity to the human 
VEGF-C coding region. Subsequently, walking primers 
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under light microscopy, that VEGF-C stimulates prolifera- 
tion of These cells. 

EXAMPLE 16 
VEGF-C Is Expressed In Multiple Tissues 

Northern blots containing 2 micrograms of isolated poly 
(A) + RNAfrom multiple human tissues (blot from Clomech 
Laboratories, Inc., Palo Alio, Calif.) were probed with 
radioactively labelled insert of the 2.1 kb VEGF-C cDNA 
clone. Northern blotting and hybridization analysis showed 
that the 2.4 kb RNA and smaller amounts of a 2.0 kb mRNA 
are expressed in multiple human tissues, most prominently' 
in the heart, placenta, muscle, ovary and small intestine, and 
less prominently in prostate, colon, lung, pancreas, and 
spleen. Very little VEGF-C RNAwas seen in the brain, liver, 
kidney, testis, or thymus and peripheral blood leukocytes 
(PBL) appeared negative. A similar analysis of RNA from 
human fetal brain, lung, liver, and kidney tissues showed 
thai VEGF-C is highly expressed in the kidney and lung and 
to a lesser degree in the liver, while essentially no expression 
is detected in the brain. Interestingly, VEGF expression 
correlates with VEGF-C expression in these tissues, whereas 
VEGF-B is highly expressed in all four fetal tissues ana- 
lysed. 

EXAMPLE 17 

The VEGF-C Gene Localizes To Chromosome 
4q34 

A DKA panel of 24 interspecies somatic cell hybrids, 
which had retained one or two human chromosomes, was 
used for the chromosomal localization of the VEGF-C gene 
(Bios Laboratories, Inc., New Haven, Conn.). The proce- 
dures employed are described in detail in commonly-owned 
PCT patent application PCT/F196/00427, filed Aug.'i, 1996, 
and commonly-owned U.S. patent application Ser. Nos. 
08/671,573, filed Jun. 28, 1996; 08/601,132, filed Feb. 14, 
1996; and 08/585,895, filed Jan. 12, 1996, all of which are 
incorporated by reference herein. 

In order to determine the chromosomal localization of the 
human VEGF-C gene, DNAs from human rodent somatic 
cell hybrids containing defined sets of human chromosomes 
were analysed by Southern blotting and hybridization with 
a VEGF-C cDNA probe. Among 24 DNA samples on the 
hybrid panel, representing different human chromosomes, 
human-specific signals were observed only in hybrids which 
contained human chromosome 4. The results were con- 
firmed by PCR of somatic cell hybrid DNAs using VEGF-C 
specific primers, where amplified bands were obtained only 
from DNAs containing human chromosome 4. 

A genomic Pi plasmid for VEGF-C was isolated using 
specific primers and PCR and verified by Southern blotting 
and hybridization using a VEGF-C specific cDNA probe. 
The chromosomal localization of VEGF-C was further stud- 
ied using metaphase FISH. Using the Pi probe for VEGF-C 
in FISH a specific hybridization to the 4q34 chromosomal 
band was detected in 40 nut of 44 mctaphascs. Doublc- 
fluorochrome hybridization using a cosmid probe specific 
for the aspanylglucosaminidase (AGA) gene showed that 
VEGF-C is located just proximal to the AGA gene previ- 
ously mapped to the 4q34— 35 chromosomal band. 

Biotin labelled VEGF-C PI and digoxigenin labeled AGA 
cosmid probes were hybridized simultaneously to 
metaphase chromosomes. This experiment demonstrated 
that the AGA gene is more telomerieally located 'than the 
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VEGF-C genc. The foregoing example demonstrates the 
utility of polynucleotides of the invention as chromosomal 
markers and for the presence or absence of the VEGF-C 
gene region in normal or diseased cells. The VEGF-C locus 
5 at 4q34 is a candidate target for mutations leading to 
vascular malformations or cardiovascular diseases. 

EXAMPLE I ft 

Effect of Glucose Concentration and Hvpoxia on 
1L " VEGF, VEGF-B and VEGF-C mRNA Levels in C6 
Glioblastoma Cells 

Confluent cultures of C6 cells (ATCC CCL 107) were 
grown on 10 cm diameter tissue culture plates containing 2.5 

15 ml of DMEM and 59r- fetal calf serum plus antibiotics. The 
cultures were exposed for 16 hours to norfnoxia in a normal 
cell culmre' incubator containing 5% C0 2 or hypoxia by 
closing the culture plates in an airtight glass chamber and 
burning a piece of wood inside until the rlame was extin- 

22 guished due to lack of oxygen. Polyadenylated RNA was 
isolated (as in the other examples), and 8 micrograms of the 
RNA was elect rop ho resed and blot-hybridized with a mix- 
ture of the VEGF, VEGF-B and VEGF-C probes. The results 
show that hypoxia strongly induces VEGF mRNA 

25 expression, both in low and high glucose, but has no 
significant effect on the VEGF-B mRNA levels. The 
VEGF-C MRNA isolated from hypoxic cells runs slightly 
faster in gel electrophoresis and an extra band of faster 
mobility can be seen below the upper MRNA band. This 

$2 observation suggests that hypoxia affects VEGF-C RNA 
processing. One explanation for this observation is that 
VEGF-C MRNA splicing is altered, affecting the VEGF-C 
open reading frame and resulting in an alternative VEGF-C 
protein being produced by hypoxic cells. Such alternative 

.15 forms of VEGF-C and VEGF-C-cncoding polynucleotides 
are contemplated as an aspect of the invention. This data 
indicates screening and diagnostic utilities for polynucle- 
otides and polypeptides -of the invention, such as methods 
whereby a biological sample is screened for the hypoxia- 

4Z induced form of VEGF-C and/or VEGF-C MRNA. The data 
further suggests a therapeutic indication for antibodies and/ 
or other inhibitors of the hypoxia-induccd form of VEGF-C 
or the normal form of VEGF-C. 

45 EXAMPLE 19 

Pulse-Chase Labeling and Immunoprecipitation of 
VEGF-C Polypeptides From 293 EBNA Cells 
Transfected With VEGF-C Expression Vector. 

52 The following VEGF-C branched amino-terminal 
peptide, designated PAM126, was synthesized for produc- 
tion of anti- VEGF-C antiserum: 

NH--E-E-T-I-K-F-A-A-A-H-Y-N-T-E-I-L-K-COOH 
<SEQ ID NO: 9). 

55 In particular, PAM126 was synthesized as a branched polyl- 
ysine structure K.3PA4 having four peptide acid (PA) chains 
attached to two available lysine (K) residues. The synthesis 
was performed on a 433A Peptide Synthesizer (Applied 
Biosystems) using Fmoc-chemistry and TentaGel S MAP 

60 RAM10 resin mix (RAPP Polymere GmbH, Tubingen, 
Germany), yielding both cleavable and resin-bound pep- 
tides. The cleavable peptide was purified via reverse phase 
HPLC and was used together with the resin-bound peptide 
in immunizations. The correctness of the synthesis products 

65 were confirmed using mass-speciroscopy (Lasermatt). 

The PAM126 peptide was dissolved in phosphate buffered 
saline (PBS), mixed with Freuud's adjuvant, and used for 
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were made in hoth directions and double-stranded sequenc- 
ing was completed for 1743 base pairs, including the full- 
length open reading frame. 

The cDNA sequence obtained includes a Jong open read- 
ing frame and 5' untranslated region. The DNA and deduced 
amino acid sequences for the quail CDNA are set forth in 
SEQ ID KOs: 12 and 13, respectively. Studies performed 
with the putative quail VEGF-C cDNA have shown that its 
protein product is secreted from transfected cells and inter- 
acts with avian VEGFR-3 and VEGFR-2, further connrming 
the conclusion that the cDNA encodes a quail VEGF-C 
protein. As shown in FIG. 5, the human, murine, and avian 
(quail) VEGF-C precursor amino acid sequences share a 
significant degree of conservation. This high degree of 
homology permit* the isolation of VEGF-C encoding 
sequences from other species, especially vertebrate species, 
and more particularly mammalian and avian species, using 
polynucleotides of the present invention as probes and using 
standard molecular biological techniques such as those 
described herein. 

EXAMPLE 21 

N-terminal Peptide Sequence Analyses of 
Recombinant VEGF-C 

Cells (293 EBNA) transfected with VEGF-C CDNA (sec 
Example 13) secrete several forms of recombinant VEGF-C 
(FIG. 6A, lane IP). In the absence of alkylation, the three 
major, proteolyiically-processed forms of VEGF-C migrate 
in SDS-PAGE as proteins with apparent molecular masses of 
32/29 kD (doublet), 21 kD and 15 kD. Two minor polypep- 
tides exhibit approximate molecular masses of 63 and 52 
kD, respectively. More precise si/e measurements (using 
SDS-PAGE under reducing conditions) revealed' that the 
molecular masses of the VEGF-C forms that were initially 
estimated as 63, 52, 32, 23, and 14 kD (using SDS-PAGE 
under reducing conditions and a different set of size 
standards) are approximately 58, 43, 31, 29, 21, and 15 kD, 
respectfully (the initial measurements in most cases falling 
within acceptable 10% error of the more precise 
measurements). One of these polypeptides is presumably a 
glycosylated and non-processed form; the other polypeptide 
is presumably glycosylated and partially processed. 

To determine sites of proteolytic cleavage of the VEGF-C 
precursor, an immunoaffinity column was used to purify 
VEGF-C polypeptides from the conditioned medium of 293 
EBNA cells transfected with VEGF-C cDNA. To prepare the 
immunoaffinily column, a rabbit was immunized with a 
synthetic peptide corresponding to amino acids 104-120 of 
SEQ ID NO: 8: ILN-EETIKFAAAUYNTEILK (see 
RAM 126 in Example 19). The IgG fraction was isolated 
from the serum of the immunized rabbit using protein A 
Sepharose (Pharmacia). The isolated IgG fraction was 
covalently bound to CNBr-activated Sepharose CL-4B 
(Pharmacia) using standard techniques at a concentration of 
5 mg IgG/ml of Sepharose. lnis immu no affinity matrix was 
used To isolate processed VEGF-C from 1.2 liters of the 
conditioned medium (CM). 

Irie purified material eluied from the column was ana- 
lyzed bv gel electrophoresis and Western blotting. Fractions 
containing VEGF-C polypeptides were combined, dialyzed 
against 10 mM Tris HO, vacuum-dried, electro transferred to 
Immobilon-P (polyvinylidene difluoride or PVDF) transfer 
membrane (Millipore, Marlborough, Mass.) and subjected to 
N- terminal amino acid sequence analysis. 

The polypeptide band of 32 kD yielded two distinct 
sequences: NH-FESG LDLSD A . . . and NH,- 



AVVMTQTPAS . . . (SEQ ID NO: 14), the former corre- 
sponding to the N-terminal part of VEGF-C after cleavage 
of the signal peptide, starting from amino acid 32 (SEQ ID 
MO: 8), and the latter corresponding to the kappa-chain of 
IgG. which was present in the purified material due to 
tl leakage'' of the affinity matrix during the elution procedure. 

In order to obtain the N-terminal peptide sequence of the 
29 kD form of VEGF-C, a construct (VEGF-C NHis) 
encoding a VEGF-C mutant was generated. In particular, the 
construct encoded a VEGF-C mutant that fused a 6xHis tag 
to the N-tcrmimis of the secreted precursor (i.e., between 
amino acids 31 and 33 in SEQ ID NO: 8). The phenylalanine . 
at position 32 was removed to prevent possible cleavage of 
the lag sequence during secretion of VEGF-C. The VEGF-C 
NHis "construct was cloned into pREP7 as a vector; the 
construction is described more fully in Example 28, below. 

The calcium phosphate co-precipitation technique was 
used to transfect VEGF-C NHis into 293 EBNA cells. Cells 
were incubated in DMEM/107t fetal calf serum in 15 cm cell 
culture dishes (a total of 25 plates). The following day, the 
cells were reseeded into fresh culture dishes (75 plates) 
containing the same medium and incubated for 48 hours. 
Cell layers were then washed once with PBS and DMEM 
medium lacking FCS was added. Cells were incubated in 
this medium for 48 hours and the medium was collected, 
cleared by centrifugation at 5000xg and concentrated 500x 
using an Ultrasetle Tangential Flow Device (Filtron, 
Northborough, Mass.), as described in Example 5 above. 
VEGF-C NHis was purified from the concentrated condi- 
tioned medium using TALON™ Metal Affinity Resin 
(Clontech Laboratories, Inc.) and the manufacturer's proto- 
col for native protein purification using imidazole- 
containing buffers. The protein was eluied with a solution 
containing 20 mM Tris-HCI (pH 8.0), 100 mM NaCl, and 
200 mM imidazole. The eluted fractions containing purified 
VEGF-C NHis were detected by immunob lotting with Anti- 
serum 882.(antiserum from rabbit 882, immunized with the 
PAM-126 polypeptide). Fractions containing VEGF-C NHis 
were combined, dialyzed and vacuum -dried. As can be seen 
in FIG. 11, due to the presence of the 6xHis tag at the 
N-terminus of this form of VEGF-C, the upper component 
of the major doublet uf Lhe VEGF-CNHis migrates slightly 
slower than the 32 kD form of wild type VEGF-C, thereby 
improving the separation of the VEGF-CNHis 32 kD mutant 
from the 29 kD band using SDS-PAGE. Approximately 15 
«g of the purified VEGF-C were subjected to SDS-PAGE 
under reducing conditions, electrotransferred to 
Immobilon-P (PVDF) transfer membrane (Millipore, Inc., 
Marlborough, Mass.) and the band at 29 kD was subjected 
to N-terminal amino acid sequence analysis. This sequence 
analysis revealed an N-tertninal sequence of 
ILN-SLPAT . . . , corresponding to amino acids 228-232 of 
VEGF-C (SEQ ID NO: 8). 

The polypeptide band of 21 kD yielded the sequence 
H 2 N-AHYNTEILKS . . . , corresponding to an amino- 
terminus starting at amino acid 112 of SEQ ID NO: 8. Thus, 
the proteolytic processing site which results in the 21 kD 
form of VEGF-C produced by transfected 293 EBNA cells 
apparently occurs nine amino acid residues downstream of 
the cleavage site which results in the 23 kD form of VEGF-C 
secreted by PC-3 cells. 

The N-lerminus of the 15 kD form was identical to the 
N-terminus of the 32 kD form (NIL -FES OLD LSD A . . . ). 
i The 15 kD form was not detected when recombinant 
VEGF-C was produced by COS cells. This suggests that 
production of this form is cell lineage specific. 

EXAMPLE 22 
pimeric and Monomeric Formis of VEGF-C 
The composition of VEGF-C dimers was analyzed as 
follows. Cells (293 EBNA cells), trausfected with the 
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pREP7 VEGF-C vector as described in Example 11. were 
metabolically labelled with Pro-mix L- [ 35 S] labelling mix 
(Amersham Corp.) to a final concentration of 100 aCl ml. 

In parallel, a VEGF-C mutant, designated *'R102S :t , was 
prepared and analyzed. To prepare the DNA encoding 
VEGF-C-R102S, the arginine codon at position 102 of SEQ 
ID NO: 8 was replaced with a serine codon. This VEGF- 
C-RK)2S-encoding DNA, in a PREP 7 vector, was trans- 
fected into 293 EBNA cells and expressed as described 
above. VEGF-C polypeptides were immunoprecipitated 
using aniisera 882 (obtained by immunization of a rabbit 
with a polypeptide corresponding to residues .104—120 of 
SEQ ID NO: 8 (sec previous Example)) and ahtisera 905 
(obtained by immunization of a rabbit with a polypeptide 
corresponding to a portion of the prepro- VEGF-C leader: 
H.N-ESGLDLSDAEPDAGEATAYASK (residues 33 to 54 
of SEQ ID NO: 8). 

The immunoprccipitatcs from caeh -ecll culture were 
subjected to SDS-PAGE under non-denaturing conditions 
(FIG. 6B). Bands 1-6 were cut out from the gcL soaked for 
30 minutes in lxgel-ldading buffer containing 200 mM 
p-mercapiuclhanol, and individually subjected to SDS- 
PAGE under denatunne conditions (FIGS. 6A and 6C, lanes 
1-6). 

As can be seen from FIGS. 6A-C. each high molecular 
weight form of VEGF-C (FIG. 6B. bands 1-4) consists of at 
least two monomers bound by disulfide boDds (Compare 
FIGS. 6Aand 6C, lanes 1—4, in the reducing gels). The maiu 
component of bands 1-3 is the doublet of 32/29 kD, where 
both proteins arc present in an cquimolar ratio. The main 
fraction of the 21 kD form is secreted as either a monomer 
or as a homodimer connected by means other than disulfide 
bonds (bands 6 and lanes 6 in FIGS. 6A-C). 

The R102S mutation - creates an additional site for 
N-linked glycosylaiion in VEGF-C at the asparagine residue 
at position 100 in SEQ ID -NO: 8. Glycosylaiion at this 
additional glycosylaiion site increases the apparent molecu- 
lar weight of polypeptides containing the site, as confirmed 
in FIGS. 6A-C and FIGS. 7A-B. The additional glycosy- 
laiion lowers the mobility of forms of VEGF-C-R102S that 
contain the additional glycosylation site, when compared to 
polypeptides of similar primary structure corresponding to 
VEGF-C. FIGS. 6A-C and FTGS. 7A-R reveal that the 
VEGF-C-R102S polypeptides corresponding to the 32 kD 
and 15 kD forms of wt VEGF-C exhibit increased apparent 
molecular weights, indicating that each of these polypep- 
tides contains the newly introduced glycosylaiion site. In 
particular, the VEGF-C-R1U2S polypeptide corresponding' 
to the 15 kD polypeptide from VEGF-C comigrates on a gel 
with the 21 kD form of the wild type (wl) VEGF-C, 
reflecting a shift on the gel to a position corresponding to a 
greater apparent molecular weight. (Compare lanes 4 in 
FIGS. 6A and 6C). The mobility of the 58 kD form of 
VEGF-C was slowed to 64 kD by the R102S mutation, 
indicating that this form contains the appropriate N-terminal 
peptide of VEGF-C. The mobilities of the 21, 29, and 43 kD 
forms were unaffected by the R102S mutation, suggesting 
that these polypeptides contain peptide sequences located 
C-ierminally of R :0Z . 

In a related experiment, another VEGF-C mutant T desig- 
nated "R226,227S,'*' was prepared and analyzed. To prepare 
a DNA encoding VEGF-C-R226,227S, the arginine codons 
at positions 226 and 227 of SEQ ID NO: S were replaced 
with serine codons by site-directed mutagenesis. The result- 
ant DNA was transfected into 293 EBNA cells as described 
above and expressed and analyzed under the same condi- 



tions as described for VEGF-C and VEGF-C-R 1 02S. Tn the 
conditioned medium from the cells expressing VEGF-C- 
R226.227S, no 32 kDforro of VEGF-C was detected. These 
results indicate that a C-terminal cleavage site of wild-type 
VEGF-C is adjacent to residues 226 and 227 of SEQ ID NO: 
8, and is destroyed by the- mutation ot the arginines to 
serines. Again, the mobility of the 29 kD component of the 
doublet was unchanged (FIGS. 7A-R). 

Taken together, these data indicate that the major form of 
the processed VEGF-C is a heterodimer consisting of (1) a" 
polypeptide of 32 kD containing amino acids 32-227 of the 
prepro-VECr-C (amino acids 32 to 227 in SEQ ID NO: 8) 
attached by disulfide bonds to (2) a polypeptide of 29 kD 
beginning with amino acid 22S in SEQ ID NO: 8. These data 
are also supported by a comparison of the pattern of 
immunoprecipitated, labelled VEGF-C forms asing antisera 
882 and antisera 905. 

When VEGF-C immunoprccipitation was carried out 
using conditioned medium, both antisera (882 and 905) 
recognized some or all of the three major processed forms of 
VEGF-C (32/29 kD, 21 kD and 15 kD). When the condi- 
tioned medium was reduced by incubation in the presence of 
10 mM dithiothreitol for two'hours at room temperature with 
subsequent alkylation by additional incubation with 25 mM 
iodoacctamide for 20 minutes at room temperature, neither 
antibody precipitated the 29 kD component, although anti- 
body 882 still recognized polypeptides of 32 kD, 21 kD and 
15 kD. In subsequent experiments it was observed that 
neither antibody was capable of immunoprecipilating the 43 
kD form. These results are consistent with the nature of the 
oligopeptide antigen used to elicit the antibodies contained 
in antisera R82, an oligopeptide containing amino acid 
residues 104-120 of SEQ ID NO: S. On the other hand, 
aniisera 905 recognized only the 32 kD and 15 kD 
polypeptides, which include sequence of the oligopeptide 
(amino acids 33 to 54 of SEQ ID NO: 8) used for immu- 
nization to obtain antisera 905. Taking into account the 
mobility shift of the 32 kD and 15 kD forms, the immuno- 
prccipitation results with the RI02S mutant were similar 
(FIGS. 8A-B). The specificity of antibody 905 is confirmed 
by the fact that it did not recognize a VEGF-C AN form 
wherein the N-terminal propeptide spanning residues 
32-102 of the unprocessed polypeptide had been deleted 
(FIG. 8B). 

The results of these experiments also demonstrate that the 
21 kD polypeptide is found (1) in heterodimers with other 
molecular forms (see FIGS. 6A-C and FIGS. 7A-B), and (2) 
secreted as a monomer or a homodimer held by bonds other 
than disulfide bonds (FIGS. 6 A and 6B, lanes 6). 

The experiments disclosed in this example demonstrate 
that several forms of VEGF-C exist. A variety of VEGF-C 
monomers were observed and these monomers can vary 
depending on the level and pattern of glycosylation. In 
addition, VEGF-C was observed as a multimer, for example 
. a homodimer or a heterodimer. 1 he processing of VEGF-C 
is schematically presented in FIG. 9 (disulfide bonds not 
shown). All forms of VEGF-C are within the scope of the 
present invention. 

EXAMPLE 23 

In Situ I lyb rid iza lion of Mouse Embryos 

To analyze VEGF-C mRNA distribution in different cells 
and tissues, sections of 12.5 and 14.5-day post-coitus (p.c.) 
mouse embryos were prepared and analyzed via in situ 
hybridization using labeled VEGF-C probes. In situ hybrid- 
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izatinn of tissue sections was performed as described in 
Vastriket al..J. Cell Biol., 128:1197-1208 (1995). A mouse 
VEGF-C antisense RNA probe was generated from linear- 
ized pBluescript II SK* plasmid (Stratagene Inc.. La Jolla, 
Calif.), containing a CDNA fragment corresponding to 5 
nucleotides 499-979 of a mouse VEGF-C CDNA (SEQ ID 
NO: 10). Radiolabeled RNA was synthesized using T7 
polymerase and [ 35 S]-UTP (Amcrsham). Mouse VEGF-B 
amisense and sense RNA probes* were synthesized in a 
similar manner from linearized PCRII plasmid containing i:; 
the mouse VEGF-B CDNA insert as described Olofsson et 
al, Proc. Natl. Acad ScL (USA), 93:2576-2581 (1996). The 
high stringency wash was for 45 minutes at 65 c C. in a 
solution containing 30 mM dithiolhreitol (DTT) and 4xSSC. 
The slides were exposed for 2S days, developed and stained 15 
with hematoxylin. For comparison, similar sections were 
hybridized with a VEGFR-3 probe and the 12.5-day p.c. 
embryos were also probed for VEGF-B MRNA. 

Darkfield and Lightfield photomicrographs from these 
experiments are presented in commonly-owned PCT patent 
application PCT/FI 96/00427, filed Aug. 01, 1996, incorpo- 
rated by reference herein. Observations from the photomi- 
crographs are summarized below. In a 12.5 day p.c. embryo, 
a parasagittal section revealed that VEGF-C mKNA was 
particularly prominent in the mesenchyme around the .ves- 25 
sels surrounding the developing meianephros. In addition, 
hybridization signals were observed between the developing 
vertebrae, in the developing lung mesenchyme, in the neck 
region and developing forehead. The specificity • of these 
signals was evident from the comparison with VEGF-B 3 - 
expression in an adjacent section, where the myocardium 
gave a very strong signal and lower levels of VEGF-B 
mRNA were detected in several other tissues. Both genes 
appear to be expressed in between the developing vertebrae, 
in the developing lung, and forehead. Hybridization of the 
VEGF-C sense probe showed no specific expression within 
these structures. 

Studies also were conducted of the expression patterns of 
VEGF-C and VEGFR-3 in 12.5 day p.c. mouse embryos in 
the jugular region, where the developing dorsal aona and 4 ~ 
cardinal vein are located. This is the area where the first 
lymphatic vessels sprout from venous sac-like structures 
according to the long-standing theory of Sahin, Am. J. Anat., 
9:43-91 (1909). AiTinlense VEGF-C signal was delected in 
the mesenchyme surrounding the developing venous sacs 4!) 
which also were positive for VEGFR-3. 

The mcscntcrium supplies the developing gut with blood 
and contains developing lymphatic vessels. The developing 
14.5 day p.c. mesenterium is positive for VEGF-C mRNA, 
with particularly high expression in connective tissue sur-' 50 
rounding certain vessels. The adjacent mesenterial 
VEGFR-3 signals that were observed originate from small 
capillaries of the mesenterium. Therefore, there appears to 
be a paracrine relationship between the production of the 
mRNAs for VEGF-C and its receptor. This data indicates " 
that VEGF-C is expressed in a variety of tissues. Moreover, 
the pattern of expression is consistent with a role for 
VEGF-C in venous and lymphatic vessel development. 
Further, the data reveals that VEGF-C is expressed in 
non-human animals. 6 " 

EXAMPLE 24 

Analysis of VEGF, VEGF-B, and VEGF-C mRNA 

Expression in Fetal and Adult Tissues g5 

A human fetal tissue Northern blot containing 2 tig of 
polyadeuylated RNAs from brain, lung, liver and kidney 
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(CI on tech Inc.) was hybridized with a pool of the following 
probes: a human full-length VEGF-C CDNA insert 
(Genbank Acc. No. X94216), a human VEGF-B. 5T cDNA 
fragment (nucleotides 1-382, Genbank Acc. No. U48800) 
obtained by PCR amplification; and a human VEGF 5S1 bp 
cDNA fragment covering base pairs 57—638 (Genbank Acc. 
No X15997). Blots were washed under stringent conditions, 
using techniques standard in the art. 

Mouse embryo multiple tissue Northern blot (Clontech 
Inc.) containing 2 i(g of polyadeuylated RNAs from 7, 11, 15 
and 17 day postcoital (p.c.) embryos was hybridized with 
mouse VEGF-C cDNA fragment (base pairs 499-656). A 
mouse adult tissue Northern blot was hybridized with the 
probes for human VEGF, VEGF-B :67 , VEGF-C and with a 
VEGFR-3 CDNA fragment (nucleotides 1-595; Genbank 
Acc. No. X68203). 

In adult mouse tissues, both 2.4 kb and 2.0 kb MRNA 
signals were observed with the VEGF-C probe, at an 
approximately 4:1 ratio. The most conspicuous signals were 
obtained from lung and heart RNA, while kidney, liver, 
brain, and skeletal muscle had lower levels, and spleen and 
testis had barely visible levels. As in the human tissues, 
VEGF mRNA expression in adult mice was most abundant 
in lung and heart RNA, whereas the other samples showed 
less coordinate regulation with VEGF-C expression. Skel- 
etal muscle and heart tissues gave the highest VEGF-B 
MRNA levels from adult mice, as previously reported Olof- 
sson et al., Proc. Nad. Acad. Sci. (USA), 93:2576-2581 
(1996). Comparison with VEGFR-3 expression showed that 
the tissues where VEGF-C is expressed also contain MRNA 
for its cognate receptor tyrosine kinase, although in the adult 
liver VEGFR-3 MRNA was disproportionate abundant. 

To provide a better insight into the regulation of the 
VEGF-C mRNA during embryonic development, polyade- 
nylated RNA isolated from mouse embryos of various 
gestational ages (7, 11, 15, and 17 day p.c.) was hybridized 
with fhc mouse VEGF-C probe. These analyses showed that 
the amount of 2.4 kb VEGF-C MRNA is relatively constant 
throughout the gestational period. 

EXAMPLE 25 

Regulation of mRNAs for VEGF Family Members 
by Serum, Interleukin-1 and Dexamethasone in 
Human Fibroblasts in Culture 

Human IMR-90 fibroblasts were grown in DMEM 
medium containing 10% FCS and antibiotics. 'Ihe cells were 
grown to 80% confluence, then starved for 48 hours in Q.5% 
FCS in DMEM. ' Thereafter, the growth medium was 
changed to DMEM containing 5% FCS, with or without 10 
ng/ml interleukin-1 (IL-1) and with or without 1 mM 
dexamethasone. The culture plates were incubated with 
these additions for the times indicated, and total cellular 
RNA was isolated using the TRIZOL kit (GIBCO-BRL). 
About 20 ug of total RNA from each sample was electro- 
phoresed in 1.5% form aldehyde -agarose gels as described in 
Sambrook et al., supra (1989). The gel was used for North- 
em blotting and hybridization with radiolabeled insert DNA 
from the human VEGF clone (a 581 bp cDNA covering bps 
57-638, Genbank Acc. No. 15997) and a human VEGF-B Jff7 
cDNA fragment (nucleotides 1-382, Genbank Acc. No. 
U4S800). Subsequently, the Northern blots were probed 
with radiolabeled insert from the VEGF-C cDNA plasmid. 
Primers were labelled using a standard technique involving 
enzymatic extension reactions of random primers, as would 
be understood by one of ordinary skill in the art. 
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The Northern hint analyses revealed that very low levels 
of VEQF-C and V'EGF are expressed by the starved IMR-90 
cells as well as cells after 1 hour of stimulation. In contrast, 
abundant VEGF-B mRNA signal was visible under these 
conditions. After 4 hours of serum stimulation, there was a 
strong induction of VEGF-C and V'EGF mRNAs. which 
were further increased in the IL-1 treated sample. The effect 
of II.- 1 seemed to be abolished in the presence of dcxam- 
ethasone. A similar pattern of enhancement was observed in 
the 8 hour sample, but a gradual down-regulation of all 
signals was observed for both RNAs in the 24 hour and 4S 
hour samples. In contrast. VEGF-B mRNA levels remained 
constant and thus showed remarkable stability throughout 
the time period. The results are useful in guiding efforts to 
use VEGF-C and its fragments,' its antagonists, and anli- 
VEGF-C antibodies in methods for treating a variety of 
disorders. 

EXAMPLE 26 

Expression and Analvsis of Recombinant Murine 
VEGF-C 

Hie mouse VEGF-C CDNA was expressed as a recom- 
binant protein and the secreted protein was analyzed for its 
receptor binding properties. The binding of mouse VEGF-C 
to the human VEGFR-3 extracellular domain was studied by 
using media from Bosc23 cells transfected with mouse 
VEGF-C cDNA in a retroviral expression vector. 

The 1.8 kh mouse VEGF-C cDNA was cloned as an 
EcoRI fragment into the retroviral expression vector pBabe- 
puro containing the SV40 early promoter region 
[Murgenslern el ah, Nucl Acich Rea._, 18:3587-3595 
(1990)], and transfected into the Bosc23 packaging cell line 
[Pearet et ah, Froc. Natl Acad. Scl {USA), 90:8392^8396 
(1994)] by the calcium-phosphate precipitation method. Tor 
comparison, Rosc23 cells also were transfected with the 
previously-described human VEGF-C construct in the 
pREP7 expression vector. The transfected cells were cul- 
tured fur 48 hours prior lo metabolic labelling. Cells were 
changed into DMEM medium devoid of cysteine and 
methionine, and, after 45 minutes of preincubation and 
medium change. Pro -mix™ L- [ 3:> S] in vitro cell labelling 
mix (Amersham Corp.), in the same medium, was added to 
a final concentration of about 120 «Ci/ml. After 6 hours of 
incubation, the culture medium was collected and clarified 
by cemrifugalion. 

For immunoprecipitation, I ml aliquots of the media from 
metabolically-labelled Bosc23 cells transfected with empty 
vector or mouse or human recombinant VEGF-C, 
respectively, were incubated overnight on ice with 2 yd of 
rabbit polyclonal antiserum raised against an N-lerminal 17 
amino acid oligopeptide of mature human VEGF-C (H 2 N- 
E E TI KXAAA f I Y NT E I L K) (SCO ID NO: 8, residues 
104-120). Thereafter, the samples were incubated with 
protein A sepharose for 40 minutes at 4° C. with gentle 
agitation. The sepharose beads were then washed twice with 
immunuprecipilalion buffer and four limes with 20 mM 
Tris-HCl, pH 7.4. Samples were boiled in Laemmli buffer 
and analyzed by 12.59 sodium dodecyl sulfate polyacryla- 
mide gel electrophoresis (SDS-PAGE). 

Immunoprecipitation of VhGF-C from media of trans- 
fected and metabolically-labelled cells revealed bands of 
approximately 3O-32xl0 3 M r (a doublet) and 22-23xl0 3 
M r in 12.5% SDS-PAGE. These bands were not delected in 
samples from noniransfected or mock-transfected cells. 
These results show that antibodies raised against human 
VEGF-C recognize the corresponding mouse ligand. 



For receptor binding experiments, 1 ml aliquots of media 
from metabolically-labelled Bo so 23 cells were incubated 
with VEGFR-3 extracellular domain (see Example 3), 
covalently coupled to sepharose, for 4 hours at 4° C. with 
gentle mixing. The sepharose beads were washed four times 
with ice-cold phosphate buffered saline (PBS), and the 
samples were analyzed by gel electrophoresis as described 
in .loukov ci at., EMBO.J., 15:290-298 (1996). 

Similar 30-32x10"' M r doublet and 22~23xl0 3 U T 
polypeptide bands were obtained in the receptor binding 
assay as compared to the immunoprecipitation assay. Thus, 
mouse VEGF-C binds to human VEGTR-3. The sfigbtly - 
faster mobility of the mouse VEGF-C polypeptides that was 
observed may be caused by the four amino acid residue 
difference observed in sequence analysis (residues 
HSS-E91, FIG. 10). 

Itie capacity of mouse recombinant VEGF-C to induce 
VEGFR-3 autophosphorylation was also investigated. For 
the VEGFR-3 receptor stimulation experiments, subconflu- 
ent NIH 3T3-Flt4 cells, Pajusola et al., Oncogene. 
9:3545-3555 (1994), were starved overnight in serum-free 
medium containing 0.2% BSA. In general, the cells were 
stimulated with the conditioned medium from VEGF-C 
vector-trans fee ted cells for 5 minutes, washed three times 
with cold PBS containing 200 uM vanadate, and lyscd in 
RIPA buffer for immunoprecipitation analysis. The lysates 
were centrifuged for 25 minutes at I6000xg and the result- 
ing supernatants were incubated for 2 hours on ice with the 
specific anlisera, followed by immunoprecipitation using 
protein A-sepharose and analysis in 19c SDS-PAGE. 
Polypeptides were transferred to nitrocellulose and analyzed 
by immunoblolting using anti-phosphotyrosi nc 
(Transduction Laboratories) and anti-receptor antibodies, as 
described by Pajusola et ah, Oncogene, 9:3545-3555 
(1994). Filter stripping was carried out at 50° C. for 30 
minuies in 100 mM 2-mercaploelhanol, 2% SDS, 62.5 mM 
Tris-HCl, pH 6.7. with occasional agitation. The results of 
the experiment demonstrated that culture medium contain- 
ing mouse VEGF-C stimulates the autophosphorylation of 
VEGFR-3 to a similar extent as human baculoviral VEGF-C 
or the tyrosyl phosphatase inhibitor pervanadate. 

Mouse VEGF-C appe'ared to be a potent inducer of 
VEGFR-3 autophosphorylation, with the 195xl0 3 M r pre- 
cursor and protcolytically-clcavcd I25xl0 3 M^ tyrosine 
kinase polypeptides of the receptor (Pajusola et al., 
Oncogene, 9:3545-3555 (1994)), being phosphorylated. * 

VEGFR-2 stimulation was studied in subconfluenl por- 
cine aortic endothelial (PAE) cells expressing Kdr (VEGPR- 
2) (PAC- VEGFR-2) [Waltenberger et aK, J. Biol. Che.m. : 
269:26988-26995 (1994)], which were starved overnight in 
serum-free medium containing 0.2% BSA. Stimulation was 
carried out and the lysates prepared as described above. For 
receptor immunoprecipitation, specific antiserum for 
VEGFR-2 [Waltenberger et al., J. Biol. Chem. : 
269:26988-26995 (1994)] was used. The immunoprecipi- 
tates were analyzed as described for VEGFR-3 in 1% 
SDS-PAGE followed by Western blotting with anti- 
phosphotyrosine antibodies, stripping of the filter, and 
re-probing it with anti-VEGFR-2 antibodies (Santa Cruz). 
VEGFR-2 stimulation was first tried with unconcenlraled 
medium from cells expressing recombinant VEGF-C, but 
immunoblotting analysis did not reveal any receptor auto- 
phosphorylation. 

To further determine whether mouse recombinant 
VEGF-C can also induce VEGFR-2 autophosphorylation as 
observed for human 'VEGF-C, PAE cells expressing 
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VEGFR-2 were stimulated with tenfold concentrated 
medium from cultures transfected with mouse VEGF-C 
expression vector and auiophospborylaiion was analyzed, 
For comparison, cells treated with tenfold concentrated 
medium containing human recombinant VEGF-C (Joukov et 
al.. (1996)), unconcentrated medium from human VEGF-C 
baculovirus infected insect cells, or pervanadate (a tyrosy! 
phosphatase inhibitor) were used. In response to human 
baculoviral VEGF-C as well as pervanadate treatment. 
VEGFR-2 was prominently phospborylated, whereas human 
and mouse recombinant VEGF-C gave a weak and barely- 
detectable enhancement of' autophosphorylation, respec- 
tively. Media from cell cultures transfected with empty 
vector or VEGF-C cloned in the antisense orientation did not 
induce autophosphorylation of VEGFR-2. Therefore, mouse 
VEGF-C binds to VEGFR-3 and activates this receptor at a 
much lower concentration than needed for the activation of 
VEGFR-2. Nevertheless, the invention comprehends meth- 
ods for using the materials of the invention to take advantage 
of the interaction of VEGF-C with VEGKR-2, in addition to 
the interaction between VEGF-C and VEGFR-3. 

EXAMPLE 27 

VEGF-C E104-E213 Fragment Expressed in Pichia 
Yeast Stimulates Autophosphorylation of Flt4 
(VEGFR-3) and KDR (VEGFR-2) 

A tnincated form of human VEGF-C cDNA was con- 
structed wherein (1) the sequence encoding residues of a 
putative mature VEGF-C amino terminus H 2 N-E(104)ETTK. 
(SEQ ID NO: 8, residues 104 et seq.) was fused in-frame to 
the yeast PHOl signal sequence (Invitrogen Pichia Expres- 
sion Kit, Catalog #K1710-01). and (2) a stop codon was 
introduced after amino acid 213 (H-.N- . . . RCMS; i.e., after 
codon 213 of SEQ ID NO: 7). The resultant tnincated cDNA 
construct was then inserted into the Pichia past oris expres- 
sion vector pHIL-Sl (Invitrogen). For the cloning, an inter- 
nal BgHI site in the VEGF-C. coding sequence was mutated 
without change of the encoded polypeptide sequence. 

This VEGF-C expression vector was then transfected into 
Pichia cells and positive clones were identified by screening 
for the expression of VEGF-C protein in the culture medium 
by Western blotting. One positive clone was grown in a 50 
ml culture, and induced with methanol for various periods of 
time from 0 to 60 hours. About 10 u\ of medium was 
analyzed by gel electrophoresis, followed by Western blot- 
ting and detection with anti-VEGF-C antiserum, as 
described above. An approximately 24 kD polypeptide 
(band spreading was observed due to glycosylation) accu- 
mulated in the culture medium of cells transfected with the 
recombinant VEGF-C construct, but not in the medium of 
mock-transfected cells or cells transfected with the vector 
alone. 

The medium containing the recombinant VEGF-C protein 
was concentrated^ by Centricon 30 kD cutoff ultrafiltration 
and used to stimulate NTH 3T3 cells expressing FU4 
(VEGFR-3) and porcine aortic endothelial (PAE) cells 
expressing KDR (VEGFR-2). The stimulated cells were 
lysed and immunoprecipitated using VEGFR-specific anti- 
sera and the immunoprecipilales were analyzed by Western 
blotting using anti-phosphotyrosine antibodies, 
chemiluminescence. and fluorography. As a positive control 
for maximal autophosphorylation of the VEGFRs, vanadate 
(V0 4 ) treatment of the cells for 10 minutes was used. 
Medium from Pichia cultures secreting the recombinant 
VEGF-C polypeptide induced autophosphorylation of both 
Flt41 polypeptides of 195 kD and 125 kD as well as -the 
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KDR polypeptide of about 200 kD. Vanadate, on the other 
hand, induces heavy tyrosyl phosphorylation of the receptor 
bands in addition to other bands probably coprecipitating 
with the receptors. 

5 These results demonstrate that a, VEGF-homologous 
domain of VEGF-C consisting of amino acid residues 
■ 104E-213S (SEQ ID NO: 8, residues 104-213) can be 
rccomhinantiy produced in yeast and is capable of stimu- 
lating the autophosphorylation of Flt4 (VEGFR-3) and KDR 

vj, (VEGFR-2). Recombinant VEGF-C fragments such as the 
fragment described herein, which are capable of stimulating 
Flt4 or KDR autophosphorylation are intended as aspects of 
the invention; methods of using these fragments are also. 
within the scope of the invention. 

1-5 EXAMPLE 2S 

Properties of the Differentially Processed Forms of 
VEGF-C 

The following oligonucleotides were used to generate a 
— set of VEGF-C variants and analogs: 

5 - rcrC l'rCrG l'GClTGAG lTGAG-3' (SEQ ID NO: 
15), used to generate VEGF-C R102S (argininc mutated to 
serine at position 102 (SEQ ID NO: S»; 

5 , -l'C , i'Cri , CJ , G'rCX , CrUAG"lTGAG-3' (SEQ ID NO: 
Hi), used to generate VEGF-C R102G (argininc mutated to 
glycine at position 102 (SEQ ID NO: 8)); 

5 '-TG TGC TGCAGCAAAiTTTAl AG TC TC 1*1 CTG T- 
GGCGGCGGC GGCGGCGGGCGCCTCGCGAGGACC- 
„ -3' (SEQ ID NO: 17), used to generate VEGF-C AN (deletion 
of N-ierminal propeptide corresponding to amino acids 
32-102 (SEQ ID NO: S)); 

5 - CTG GC AG G G AACTG CTAATAATGG AATG AA-3' 
(SEQ ID NO: IS), used to generate VEGF-C R226,227S 
v (arginine codons mutated to serines at positions 226 and 227 
• " (SEQ ID NO: 8)); 

5-GGGCTCCGCGTCCGAGAGGTCGAGTCCGGA- 
CTCGTGATGGT G AT G G T G AT GGGCGG- 
CGGCGGCGGCGGGCGCCTCGCGAGGACC-3' (SEQ 
4 « ID NO: 19), used to generate VEGF-C NHis (this construct 
encodes a polypeptide with a fixHis lag fused to approxi- 
mately the N-terminus of the secreted precursor, as 
described in Example 21 (amino acid 33 of SEQ ID NO: 8)). 
Some of the foregoing VEGF-C mutant constructs were 
45 further modified to obtain additional constructs. For 
example, VEGF-C R102G in pALTER (Promega) and oli- 
gonucleotide 

5 ' - GTATTATAAT G T CC TC C A C C A A ATTTTATA G - 3 ' 
(SEQ ID NO: 20) were used to generate VEGF-C 4G, which 

53 encodes a polypeptide with four point mutations: R102G, 
A110G, A111G, and A112G (alanines mutated to glycines at 
positions 110-112 (SEQ ID NO: 8). These four mutations 
are adjacent to predicted sites of cleavage of. VEGF-C 
expressed in PC-3 and recombinantly expressed in 293 

55 EBNA cells. 

Another construct was created using VEGF-C AN and 
oliuonucleolide 

5'-GTTCGCTGCCTGACACTGTGGTAGTGTTGCTGGC 
G G C C G C T A G T G AT G G T G AT GG TG AT- 

60 C.AATAATGGAATGAACTTGTCTGTAAACATCC AG-3* 
(SEQ ID NO: 21) to generate VEGF-C ANACHis. This 
construct encodes a polypeptide with a deleted N-terminal 
propeptide (amino acids 32-102); a deleted C-terminal 
propeptide (amino acids 226-419 of SEQ ID NO: 8), and an- 

65 added 6xHis lag at the C-terminus. 

All constructs were further digested with Hindlll and 
NotI, subcloned into Hindlll/NotI digested pREP7 vector, 
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and used to transfect 293 ERNA cells. About hours aficr 
iransfeciion. the cells were either metabolically labelled 
with Pro-mix™ as described above, or starved in serum-free 
medium for 2 days. Media were then collected and used in 
subsequent experiments. As can be seen from FIGS. 11A-B. 
wild type (wt) VEGF-C, VEGF-C NHis and VEGF-C 
ANACIIis were expressed to similar levels in 293 EBNA 
cells. At the same time, expression of the VEGF-C 4G 
polypeptide was considerably lower, possibly due to the 
changed conformation and decreased stability of the trans- 
lated product. However, all the above VEGF-C mutants 
were secreted from the cells (compare FIGS. 11 A and 11B). 

The conditioned media from the transfected and starved 
cells were concentrated 5-fold and used to assess their 
abilitv to stimulate tvrosine phosphorylation of Flt4 
( VEGFR-3) expressed in NIH 3T3 cells and KDR (VEGFR- 
2) expressed in PAE cells. Wild type (wt) VEGF-C, as well 
as all three mutant polypeptides, stimulated tyrosine phos- 
phorylation of VEGTR-3. The most prominent stimulation 
observed was by the short mature VEGF-C ANACHis. This 
mutant, as well as VEGF-C NHis, also stimulated tyrosine 
phosphorylation of VEGFR-2. Thus, despite the fact that a 
major component of secreted recombinant VEGF-C is a 
dimer of 32/29 'kD, the active part of VEGF-C responsible 
for its binding to VEGFR-3 and VEGFR-2 is localized 
beiween amino acids 102 and 226 (SEQ ID NO: 8) of the 
VEGF-C precursor. Analysis and comparison of binding 
properties and biological activities of these VEGF-C pro- 
teins and mutants, using assays such as those described 
herein, will provide data concerning the significance of the 
observed major 32/29 kD and 21-23 kD VEGF-C processed 
forms. ITie data indicate that constructs encoding amino acid 
residues 103-225 of the. VEGF-C precursor (SEQ ID NO: 8) 
generate a recombinant ligand that is functional for both 
VEGFR-3 and VEGFR-2. 

The data from this and preceding examples demonstrate 
that numerous fragments of the VEGF-C polypeptide retain 
biological activity. A naturally occurring VEGF-C polypep- 
tide spanning amino acids 103-226 (or 103-227) of SEQ ID 
NO: S, produced by a natural processing cleavage defining 
the C-terminus, has been shown to be active. Example 27 
demonstrates that a fragment with residues 104-213 of SEQ 
ID NO: 8 retains biological activity. 

In addition, data from Example 21 demonstrates that a 
VEGF-C polypeptide having its amino terminus at position 
112 of SEQ ID NO: 8 retains activity. Additional experi- 
ments have shown that a fragment lacking residues 1-112 of 
SEQ ID NO: 8 retains biological activity. 

In a related experiment, a stop codon was substituted for 
the lysine at position 214 of SEQ ID NO: S (SEQ ID NO: 
7, nucleotides 991-993). The resulting recombinant 
polypeptide still was capable of inducing Fll4 
autophosphorylation, indicating that a polypeptide spanning 
amino acid residues 113-213 of SEQ ID NO: 8 is biologi- 
cally active. 

Sequence comparisons of members of the VEGF family 
of polypeptides provides an indication that still smaller 
fragments of the polypeptide depicted in SEQ ID NO: 8 will 
retain biological activity. In particular, eight highly con- 
served cysteine residues of the VEGF family of polypeptides 
define a region from residues 131-211 of SEQ ID NO: 8 (see 
FIG. 10) of evolutionary significance; therefore, a polypep- 
tide spanning from about residue 131 to about residue 211 
is expected to retain VEGF-C biological activity. In fact, a 
polypeptide which retains the conserved motif RCXXCC 
(e.g., a polypeptide comprising from about residue 161 to 
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ahout residue 21 1 of SEQ ID NO: 8 is postulated to retain 
VEGF-C biological activity. To maintain native conforma- 
tion of these fragments, it may be preferred to retain about 
1-2 additional amino acids at the carboxy-terminus and 1-2 
5 or more amino acids at the amino terminus. 

Rcyond the preceding considerations, evidence exists that 
smaller fragments and- ; or fragment analogs which lack the 
conserved cysteines nonetheless will retain VEGF-C bio- 
logical activity. Consequently, the materials and methods of 
the invention include all VEGF-C fragments, variants, and 
analogs that retain at least one biological activity of VEGF- 
C. regardless of the presence or absence of members of the 
conserved set of cysteine residues. 

EXAMPLE 29 

Expression of Human VEGF-C Under the Human 
K14 Keratin Promoter in Transgenic Mice Induces 
Abundant Growth of Lymphatic Vessels in the Skin 

2 ~ The Flt4 receptor tyrosine kinase is relatively specifically 
expressed in the endolhelia of lymphatic vessels. Kaipainen 
et al ~Proc. Natl. Acad. Sci (USA), 92: 3566-3570 (1995). 
Furthermore, the VEGF-C growth factor stimulates the Flt4 
receptor, showing less activity towards the KDR rcccpLor of 

25 blood vessels (Joukov et al., EMBOJ. t 15: 290-298 (1996); 
See Example 26). 

Experiments were conducted in transgenic mice to ana- 
lyze the specific effects of VEGF-C overexpression in tis- 

% „ sues. The human K14 keratin promoter is active in the basal 
cells of stratified squamous epithelia (Vassar et al., Proc. 
Natl Acad. Sci. (USA), 86:1563-1567 (1989)) and was used 
as the expression control element in the recombinant 
VEGF-C Lransgene. The vector containing the K14 keratin 
promoter is described in Vassar et al., Ge/ies Dew. 
5:714-727 (1991) and Nelson et al., J. Ceil Biol 
97:244-251 (1953). 

The recombinant VEGF-C lransgene was constructed 
using the human full length VEGF-C cDNA(GenBank Acc. 

4 ~ No. X94216). 'lhis sequence was excised from a pCl-neo 
vector (Promcga) with XhoI/NolT, and the resulting 2027 
base pair fragment containing the open reading frame and 
stop codon (nucleotides 352-1611 of SEQ ID NO: 7) was 
isolated. The isolated fragment was then subjected to an 

45 end-filling reaction using the Klenow fragment of DNA 
polymerase. "The blunt-ended fragment was then ligated to a 
similarly opened BamHl restriction site in the K14 vector. 
The resulting construct contained the EcoRI site derived 
from the polylinker of the pCI-neo vector. This EcoRI site 

^ was removed using standard techniques (a Klenow- 
mediated fill-in reaction following partial digestion of the 
recombinant intermediate with EcoRI) to facilitate the sub- 
sequent excision of the DNA fragment to be injected into 
fertilized mouse oocytes. 

55 The resulting clone, designated K14-VEGF-C, is illus- 
trated in FIG. 20 of commonly-owned PCT patent applica- 
tion PCT/F1 96/00427, filed Aug. 01, 1996. 

The EcoRI-Hindlll fragment from clone K14 VEGF-C 
containing the K14 promoter, VEGF-C cDNA, and *K14 

60 polyadenylalion signal was isolated and injected into fertil- 
ized oocytes of the KVB-N1H mouse strain. 'JTie injected 
zygotes were transplanted to oviducts of pseudopregnant 
C57BL/6xDBAy'2J hybrid mice. Trie resulting founder mice 
were analyzed for the presence of the transgene by poly- 

65 merase chain reaction of tail DNA using the primers: 
5 , -CATGTACGAACCGCCAG-3' (SEQ ID NO: 22) and 
5'-AATGACCAGAGAGAGGCGAG-3* (SEQ ID NO: 23). 
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In addition, l he tail ON As were subjected to EcoRV diges- 
tion and subsequent Southern analysis using the EcoRI- 
Hindlll fragment injected into the mice. Out of 8 pups 
analyzed at 3 weeks of age, 2 were positive, having approxi- 
mately 40-50 copies and 4-6 copies of the transgene in their 
respective genomes. 

The mouse with the high copy number transgene was 
small, developed more slowly than its litter mates and had 
difficulty eating (i.e., suckling). Further examination showed 
a swollen, red snout and poor fur. Although fed with a 
special liquid diet, it suffered from edema of the upper 
respiratory and digestive tracts after feeding and had breath- 
ing difficulties. This mouse died eight weeks after birth and 
was immediately processed for histology, 
immunohistochemistry, and in siur hybridization. 

Histological examination showed that in comparison to 
the skin of littermates, the dorsal dermis of K14-VEGF-C 
transgenic mice was atrophic and connective tissue was 
replaced by large lacunae devoid of red cells, but lined with 
-a thin endothelial layer. These distended vessel-like struc- 
tures resembled those seen in human lymphangiomas. The 
Dumber of skin adnexal organs and hair follicles were 
reduced. In the snout region, an increased number of vessels 
was also seen. Therefore, VEGF-C overexpression in the 
basal epidermis is capable of promoting the growth of 
extensive vessel structure in the underlying skin, including 
large vessel lacunae. The endothelial cells surrounding these 
lacunae contained abundant Flt4 MRNA in in situ hybrid- 
ization (see Examples 23 and 30 for methodology), 'ttie 
vessel morphology indicates thar VEGF-C stimulates the 
growth of vessels having features of lymphatic vessels. The 
other K14-VEGF-C transgenic mouse had a similar skin 
histopathology. 

Nineteen additional pups were analyzed at 3 weeks of age 
for the presence of the VEGF-C transgene, bring the number 
of analyzed pups to twenty-seven. A third transgene-positive 
pup was identified, having approximately 20 copies of the 
transgene in its genome, 'Hie 20 copy mouse and the 4-6 
copy mouse described above transmitted the gene to fS out of 
11 and 2 out of 40 pups, respectively. The physiology of 
these additional transgenic mice were further analyzed. 

The adult transgenic mice were small and had slightly 
swollen eyelids and poorly developed fur. Histological 
examination showed that the epidermis was hyperplastic and 
the number of hair follicles was reduced; these effects were 
considered unspecific or secondary to other phenol ypie 
changes. The dermis was atrophic (459o of the dermal 
thickness, compared to 65% in littermate controls) and its 
connective tissue was replaced by large dilated vessels 
devoid of red cells, but lined with a thin endothelial cell 
layer. Such abnormal vessels were confined to the dermis 
and resembled the dysfunctional, dilated spaces character- 
istic of hyperplastic lymphatic vessels. See Fossum, et al., J. 
Vet. Int. Med., 6: 283-293 (1992). Also, the ultrastructural 
features were reminiscent of lymphatic vessels, which differ 
'from blood vessels by having overlapping endothelial 
junctions, anchoring filaments in the vessel wall, and a 
discontinuous or even partially absent basement membrane. 
See Leak, Microvasc. Res., 2: 361-391 (1970). Furthermore, 
antibodies against collagen Ivpes IV, XVIII [Muragaki el al., 
Proc. A'atl.^Acad. Sci." USA, 92: 8763-S776 (1995)] and 
laminin gave very weak or no staining of the vessels, while 
the basement membrane staining of other vessels was promi- 
nent. The endothelium was also characterized by positive 
staining wiih monoclonal antibodies against desmoplakins I 
and II (Progen), expressed in lymphatic, but not in vascular 
endothelial cells. See Schmelz et al., Differentiation, 57: 



97-117 (1994). Collectively, these findings strongly sug- 
gested that the abnormal vessels were of lymphatic origin. 

In Northern hybridization studies, ahundant VEGF-C 
MRNA was detected in the epidermis and hair follicles of 
the transgenic mice, while mRNAs encoding its receptors 
VEGFR-3 and VEGFR-2 as well as the Tie-1 endothelial 
receptor tvrosine kinase [Korhonen et al. T Oncogene, 9: 
395-4^3 (1994)] were expressed in endothelial cells lining 
the abnormal vessels. In the skin of linermate control 
animals, VEGFR-3 could be detected only in the superficial 
subpapillary layer of lymphatic vessels, while VEGFR-2 
was found in all endolhelia, in agreement with earlier 
findings. See Millauer el al., Cell 72: 1-20 (1993); and 
Kaipainen el al., Proc. Natl Acad. Sci. USA, 92: 3566-3570 
(1995). 

The lymphatic endothelium has a great capacity to distend 
in order to adapt to its functional demands. To determine 
whether vessel dilation was due to endothelial distension or 
proliferation, in vitro proliferation assays were conducted. 
Specifically, to measure DNA synthesis, 3mmx3mm skin 
biopsies from four transgenic and four control mice were 
incubated in D-MEM with 10 micrograms/ml BrdU for 6 
hours at 37° C, fixed in 70% ethanol for 12 hours, and 
embedded in paraffin. After a 30 minute treatment with 0.1% 
pepsin in 0.1 M HC1 at room 1 temperature to denature DNA, 
staining was performed using mouse monoclonal anti-BrdU 
antibodies (Amcrsham). It appeared that the VEGF-C- 
receptor interaction in the transgenic mice transduced a 
mitogenic signal, because, in contrast to littermate controls, 
the lymphatic endothelium of the skin from young K14- 
VEGF-C mice showed increased DNA synthesis as demon- 
strated by BrdU incorporation followed by staining with 
anti-BrdU antibodies. This data further confirms that 
VEGF-C acts as a true growth factor in mammalian tissues. 

In related experiments, a similar VEGF transgene did not 
induce lymphatic proliferation, but caused enhanced density 
of hyperpermeable, tortuous blood microvessels instead. 

Angiogenesis is a mullislep process which includes endot- 
helial proliferation, sprouting, and migration. See Folkman 
et al.,7. Biol. Cliem., 267: 10931-10934 (1992). To estimate 
the contribution of such processes to the transgenic 
phenol ype, the morphology and function of the lymphatic 
vessels was analysed using fluorescent microlymphography 
using techniques known in the art. See Leu et al., Am. J. 
Physiol., 267: 1507-1513 ( 1994); and Swartz ct al., Am. J. 
Physiol, 270: 324-329 (1996). Briefly, eight- week old mice 
were anesthetized and placed on a heating pad to maintain 
a 37° C. temperature. A 30-gauge needle, connected to a 
catheter filled with a solution of FITC-dextran 2M (8 mg/ml 
in PBS), was injected intradermally into the tip of the tail. 
The solution was infused with a constant pressure of 50 cm 
water (averaging roughly 0.01 microliters per minute flow 
rate) until the extent of network filling remained constant 
(approximately 2 hours). Flow rate and fluorescence inten- 
sity were monitorerd continuously throughout the experi- 
ment. In these experiments, a typical honeycomb-like net- 
work with similar mesh sizes was observed in both control 
and transgenic mice, but the diameter of lymphatic vessels 
was about twice as large in the transgenic mice, as summa- 
rized in the table below. (The intravital fluorescence micros- 
copy of blood vessels was performed as has been described 
in the art. See Fukumura et al., Cancer Res., 55: 4824-4829 
(1995).) 
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Some dysfunction of the abnormal vessels was indicated by 2 - 
the fact that it took longer for the dextran to completely fill 
the abnormal vessels. Injection of FITC-dextran into the tail 
vein, followed by fluorescence microscopy of , the ear, 
showed that the blood vascular morphology was unaltered 
and leukocyte rolling and adherence appeared normal in the 25 
transgenic mice. These results suggest thai the endothelial 
proliferation induced by VEGF-C leads to hyperplasia of the 
superficial lymphatic network but docs not induce the 
sprouting of new vessels. 

These effects of VEGF-C overexpression are unexpeet- -32 
edly specific, especially since, as described in other 
examples, VEGF-C is also capable of binding to and acti- 
vating VEGFR-2, which is the major mitogenic receptor of 
blood vessel endothelial cells. In culture, high concentra- 
tions of VEGF-C stimulaic the growth and migration of 35 
bovine capillary endothelial cells which express VEGFR-2. 
but not significant amounts of VEGFR-3. In addition. 
VEGF-C induces vascular permeability in the Miles assay 
[Miles, A. A., and Miles, E. M„ J. PhysioL, 118:228-257 
(1952); and Udaka, et al., Proc. Soc. Exp. Biol. Med., <ic 
133:1384-1387 (1970)], presumably via its effect on 
VEGFR-2. VEGF-C is less potent than VEGF in the Miles 
assay, 4- to 5-fold higher concentrations of VEGF-C 
ANACHis being required to induce ihe same degree of 
permeability. In vivo, the specific effects of VEGF-C on 45 
lymphatic endothelial celLs may reflect a requirement for the 
formation of VEGFR-3xVEGFR-2 heterodimers for endot- 
helial cell proliferation at .physiological concentrations of 
the growth factor. Such possible heterodimers may help to 
explain how three homologous VEGFs exert partially 5C 
redundant, yet strikingly specific biological effects. 

The foregoing in vivo data indicates utilities for both (i) 
VEGF-C polypeptides and polypeptide variants and analogs 
having VEGF-C biological activity, and (ii) anti -VEGF-C 
antibodies and VEGF-C antagonists that inhibit VEGF-C 55 
activity (e.g., by binding VEGF-C or interfering with 
VEGF-C/receptor interactions. For example, the data indi- 
cates a .therapeutic utility for VEGF-C polypeptides in 
patients wherein growth of lymphatic tissue may be desir- 
able (e.g., in patients following breast cancer or other 6D 
surgery where lymphatic tissue has been removed and where 
lymphatic drainage has therefore been compromised, result- 
ing in swelling; or in patients suffering from elephantiasis). 
The data indicates a therapeutic utility for anti -VEGF-C 
antibody substances and VEGF-C antagonists for conditions 65 
wherein growth-inhibition of lymphatic tissue may be desir- 
able (e.g., treatment of lymphangiomas). Accordingly, meth- 
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od? of administering VEGF-C and VEGF-C variants, 
analogs, and antagonists are contemplated as methods and 
materials of the invention. 

EXAMPLE 30 

Expression of VEGF-C and FU4 in the Developing 
Mouse 

Embryos from a 16-day post-coitus pregnant mouse were 
prepared and fixed in 49c- paraformaldehyde (PFA), embed- 
ded in paraffin, and sectioned at 6 am. The sections were 
placed on silanated microscope slides and treated with 
xylene, rehydraled, fixed for 20 minutes in 49r PFA, treated 
with proteinase K (7 mg/ml; Merck, Darmstadt. Germany) 
for 5 minuies at room temperature, again fixed in '4% PTA 
and treated with acetic anhydride, dehydrated in solutions 
with increasing ethanol concentrations, dried and used for in 
situ hybridization. 

In situ hybridization of sections was performed as 
described (Vastrik et al., J. Celt ISioL 128:1197-1208 
(1995)). A mouse VEGF-C antisense RNA probe was gen- 
erated from linearized pBluescript II SK+piasmid 
(Stratagene Inc.), containing a fragment corresponding" to 
nucleotides 499-979 of mouse VEGF-C cDNA, where the 
noncoding region aud the BR3P repeat were removed by 
Exonuclease III treatment. The fragment had been cloned 
into the Ec.oRl and Hindlll sites of pBluescript 11 SK+. 
Radiolabeled RNA was synthesized using T7 RNA Poly- 
merase and [ 35 S]-UTP (Aroersham, Little Chalfom, UK). 
About two million cpm of the VEGF-C probe was applied 
per slide. After an overnight hybridization, ihe slides were 
washed first in 2xSSC and~20-30 mM DDT for 1 hour at 50° 
C. Treatment continued with a high stringency wash, 4xSSC 
and 20 mM DTT and 50% deionized formamide for 30 
minuies at 65° C. followed by RNase A treatment (20//g/ml) 
for 30 minutes at 37° C. The high stringency wash was 
repeated for 45 minutes. Finally, the slides were dehydrated 
and dried for 30 minutes at room temperature. The slides 
were dipped into photography emulsion and exposed for 4 
weeks. Slides were developed using Kodak D-16 developer, 
counterstained with hematoxylin and mounted with Per- 
mount (FisherChemical). 

For in situ hybridizations of Flt4 sequences, a mouse Flt4 
CDNA fragment covering bp 1-192 of the published 
sequence (Finnerty et al., Oncogene, 8:2293-2298 (1993)) 
was used, and the above -described protocol was followed, 
with the following exceptions. Approximately one million 
cpm of the FU4 probe were applied to each slide. The 
stringent washes following hybridization were performed in 
lxSSC and 30 mM DTT for 105 minutes. 

Darkficld and lightficld photomicrographs from these 
experiments are presented in commonly-owned PCT patent 
application PCT/FI 96/00427, filed Aug. 1, 1996, incorpo- 
rated by reference herein. Observations from the photomi- 
crographs are summarized below. 

The most prominently Flt4-hybridizing structures 
appeared to. correspond to the developing lymphatic and 
venous endothelium. A plexus-like endothelial vascular 
structure surrounding the developing nasopharyngeal 
mucous membrane was observed, llie most prominent sig- 
nal using the VEGF-C probe was obtained from the posterior 
part of the developing nasal conchae, which in higher 
magnification showed the epithelium surrounding loose con- 
nective tissue/forming cartilage. This structure gave a strong 
in situ hybridization signal for VEGF-C. With the VEGF-C 
probe, more weakly hybridizing areas were observed around 
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the snout, although this signal is much more homogeneous 
in appearance. Thus, the expression of VEGF-C is strikingly 
high in the developing nasal conchae. 

The conchae are surrounded with a rich vascular plexus, * 
important in nasal physiology as n source for the mucus 5 
produced hy the epithelial cells and for warming inhaled air. 
It is suggested that VEGF-C is important in the formation of 
the concheal venous plexus at the mucous membranes, and 
that it may also regulate the permeability of the vessels 
ueeded for the secretion of nasal mucus. Possibly, VEGF-C J - 
and its derivatives, and antagonists, could be used in the 
regulation of the turgor of the concha 1 tissue and mucous 
membranes and therefore the diameter of the upper respi- 
ratory tract, as well as the quantity and quality of mucus 
produced. These factors are of great clinical significance in 
inflammatory (including allergic) and infectious diseases of 
the upper respiratory tract. Accordingly, the invention con- 
templates the use of the materials of the invention, including 
VEGF-C, Flt4, and their derivatives, in methods of diag- 
nosing and treating inflammatory and infectious conditions ^~ 
affecting the upper respiratory tract, including nasal struc- 
tures. 

EXAMPLE 31 

25 

Characterization of the Exon-intron Organization of 
the Human VEGF-C Gene 

Two genomic DNA clones covering exous 1, 2, and 3 of 
the human VEGF-C gene were isolated from a human 
genomic DNA library using VEGF-C cDNA fragments as 
probes. In particular, a human genomic library in bacte- 
riophage EMBL-3 lambda (Clontech) was screened using a 
PCR-gerierated fragment corresponding to nucleotides 
629-746 of the human VEGF-C cDNA (SEQ ID NO: 7). ^ 
One positive clone, designated "lambda 3," was identified, 
and the insert was subcloned as a 14 kb Xhol fragment into 
the pBlucscript II (pRSK II) vector (Stratagcnc). The 
genomic library also was screened with a labeled 130 bp 
Notl-SacI fragment from the 5 p -noncoding region of the 4 „ 
VEGF-C cDNA (the NotI site is in the poly] inker of the 
cloning vector; the Sad site corresponds to nucleotides 
92-97~of SEQ ID NO: 7). Two positive clones, designated 
''lambda 5" and "lambda 8," were obtained. Restriction 
mapping analysis showed that clone lambda 3 contains 4 _ 
exons 2 and 3, while clone lambda 5 contains exon 1 and the 
putative promoter region. 

Three genomic fragments containing exons 4, 5, 6 and 7 
were subcloned from a genomic VEGF-C PI plasmid clone. 
In particular, purified DNA from a genomic PI plasmid 53 
clone 7660 (Paavonen et al., Circulation, 93: 1079-10S2 
(1996)) was used. EcoRI fragments of the PI insert DNA 
were ligated into pBSK II vector. Subclones of clone 7660 
which contained human VEGF-C cDNA homologous 
sequences were identified by colony hybridization, using the 55 
full-length VEGF-C CDNA as a probe. Three different 
genomic fragments were identified and isolated, which con- 
tained the remaining exons 4-7. 

To determine the genomic organization, the clones were 
mapped using restriction endonuclease cleavage. Also, the 60 
coding regions and exon-intron junctions were partially 
sequenced. The result of this analysis is depicted in FIGS. 12 
and 13A. The sequences of all intron-exon boundaries (FIG. 
13A, SEQ ID NOs: 24-35) conformed to the consensus ■ 
splicing signals (Mount. Nucl. Acids Res., 10: 459-472 65 
(1982)). The length of the intron between exon 5 and 6 was 
determined directly by nucleotide sequencing and found to 
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be 301 bp. The length of the intron between exons 2 and 3 
was determined by restriction mapping and Southern hybrid- 
ization and was found to be about '1.6 kb. Each of the other 
intron is over 10 kb in length. 

A similar analysis was performed for the murine genomic 
VEGF-C gene. The sequences of murine VEGF-C intron- 
exon boundaries are depicted in FIG. 13B and SEQ ID NOs: 
36-47. 

The restriction mapping and sequencing data indicated 
that the VEGF-C signal sequence and the first residues of the 
N-temiinal propeptide are encoded by exon 1. The second 
exon encodes the carboxy-terminal portion of the N-terminal 
propeptide and the amino terminus of the VEGF homology 
domain. The most conserved sequences of the VEGF homol-, 
ogy domain are distributed in exons 3 (containing "6 con- 
served cysteine residues) and 4 (containing 2 cys residues). 
The remaining exons encode cysteine-rich motifs of the type 
C-fiX-C-fOX-CRC (exons 5 and 7) and a fivefold repealed 
motif of type C-6X-B-3X-C-C-C, which is typical of a silk 
protein. 

To further characterize the human VEGF-C gene 
promoter, the lambda 5 clone was further analyzed. Restric- 
tion mapping of this clone using a combination of single- 
and double-digestions and Southern hybridizations indicated 
that it includes: (1) an approximately 6 kb region upstream 
of the putative initiator Al'G codon, (2) exon 1. and (3) at 
least 5 kb of intron I of the VEGF-C gene. 

A 3.7 kb Xba I fragment of clone lambda 5, containing 
exon 1 and 5' and 3' flanking sequences, was subcloned and 
further analyzed. As reported previously, a major VEGF-C 
mRNA band migrates at a position of about 2.4 kb. Calcu- 
lating from the VEGF-C coding sequence of 1257 bp and a 
391 bp 3' noncoding sequence plus a polyA sequence of 
about 50-200 bp, the mRNA start site was estimated to be 
about 550-700 bp upstream of the translation initiation 
codon. . 

RNase protection assays were employed to obtain a more 
precise localization of the mRNA start site. J*he results of 
these experiments indicated that the RNA start site in the 
human VEGF-C gene is located 539 bp upstream of the ATG 
translational initiation codon. 

To further characterize the promoter of the human 
VEGF-C gene, a genomic clone encompassing about 2.4 kb 
upstream of the translation initiation site was isolated, and 
the 5' noncoding cDNA sequence and putative promoter 
• region were sequenced. The sequence obtained is set forth in 
SEQ ID NO: 48. (The beginning of the VEGF-C cDNA 
sequence set forth in SEQ ID NO: 7 corresponds to position 
2632 of SEQ ID NO: 48; the translation initiation codon 
corresponds to positions 2983-2985 of SEQ ID NO: 48.) 
Similar to what has been observed with the VEGF gene, the 
VEGF-C promoter is rich in G and C residues and lacks 
consensus TATA and CCAAT sequences. Instead, it has 
numerous putative binding sites (S'-GGGCGG-S* or 
5'-CCGCCC-3') for Spl, a ubiquitous nuclear protein that 
can initiate transcription of TATA-less genes. See Pugh and 
Tjian, Genes and Dev., 5:105-119 (1991). In addition, 
sequences upstream of the VEGF-C translation start site 
were found to contain frequent consensus binding sites for 
the AP-2 factor (5'-GCCN 3 GCC-3 ) and binding sites for the 
AP-1 factor (5'-TKASTCA-3'). Binding sites for regulators 
of tissue-specific gene expression, like NFKB and GATA, 
are located in the distant part of VEGF-C promoter. This 
suggests that the cAMP-dependent protein kinase and pro- 
tein kinase C, as activators of AP-2 transcription factor 
[Curran and Franza, Cell, 55:395-397 (1988)], mediate 
VEGF-C transcriptional regulation. 
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The VEGF-C gene is abundantly expressed in ndull 
human tissues, such as heart, placenta, ovary and small 
intestine, and is induced by a variety of factors. Indeed, 
several potential binding sites for regulators of tissue- 
specific gene expression, like NFkB (5 l -GGGRNTYYC-V) 5 
and GAIA, are located in the distal part of the V'EGF-C 
promoter. For example. NFkP» is known to regulate the 
expression of tissue factor in endothelial cells. Also, tran- 
scription factors of the GATA family are thought to regulate 
cell-type specific gene expression. 

Unlike VEGF, the VEGF-C gene does not contain a 
binding site for the hypoxia-inducible factor, H1F-1 (Levy et 
al.,/. Biol Cham.,, 270: 13333-13340 (1995)). This finding 
suggests that if the VEGF-C MRNAis regulated by hypoxia, 
the mechanism would be based mainly on the regulation of ^. 
MRNA stability. In this regard, numerous studies have 
shown that the major control point for the hypoxic induction 
of the VEGF gene is the regulation of the steady-state level 
of mRNA. See Levy et al.,7. Bio!. C/tem., 271:' 2746-2753 
(1996). The relative rate of VEGF mRNA stability and decay ,„ 
is considered to be determined by the presence of specific 
sequence motifs in its 3" untranslated region (UTR), which 
have been demonstrated to regulate MRNA stability. (Chen 
and Shyii, Mai. Or// Biol., 14: S471-8482 (1994)). The 
3'-UTR of the VEGF-C gene also contains a putative motif „. 
of this tvpe (TTATJT), at positions 1S73-1S7S of SEQ ID 
NO: 7. 

To identify DNA elements important for basal expression 
of VEGF-C in transfected cells, a set of luciferase reporter 
plasmids containing serial 5' deletions through the promoter ^ 
region was constructed. Restriction fragments of genomic 
DNA containing 5' portions of the first exon were cloned 
into the polylinker of the pGL3 reporter vector (Promega) 
and confirmed by sequencing. About 10 //g of the individual 
constructs in combination with 2 «g of pSV2-[3- vs 
galactosidase plasmid (used as a control of transfection 
efficiency) were transfected into HeLa cells using the cal- 
cium phosphate-mediated transfection method. Two days 
after transfection, the cells were harvested and subjected to 
the luciferase assay. The luciferase activity was normalized 4 - 
to that of the pG1.3 control vector driven by SV40 promoter/ 
enhancer. 

As depicted in FIG. 15, the 5.5 kb XboI-RsrII fragment of 
clone lambda 5 gave nearly 9-fold elevated activity when 
compared with a promoterless vector. Deletion of a 5' 4 <; 
Xhol-Hindlll fragment of 2 kb had no effect on the promoter 
activity. The activity of the 1.16 kb Xbal-Rsrll fragment was 
about twice that of the pGL3 basic vector, while the activity 
of the same fragment in the reverse orientation was at 
background level. Further deletion of the Xbal-SacI frag- 5: 
ment caused an increase in the promoter activity, suggesting 
the presence of silencer elements in the region from -1057 
to -199 (i.e.. 199 to 1057 bp upstream from the transcription 
initiation site). The shortest fragment (SacII-RsrII) yielded 
only background activity, which was consistent with the fact 55 
that the mRNA initiation site was not present in this con- 
struct. 

S To determine whether further sequences in the first exon 
of human VEGF-C are important for basal expression, an 
RsrII fragment spanning nucleotides 214-495 (i.e., 214-495 60 
bp downstream from the transcription initiation site) was 
subcloned in between of XbaL-RsrII fragment and the 
luciferase reporter gene. Indeed, the obtained construct 
showed an 50 % increase in activity when compared with the 
XbaE-RsrII -construct. 65 

The VEGF gene has been shown to be up-regulated by a 
number of stimuli including serum derived growth factors. 
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To find out whether the VEGF-C gene also can be stimulated 
by serum, RNA from serum-starved and serum-stimulated 
HT1080 cells was subjected to primer extension analysis, 
which demonstrated that VEGF-C MRNA is up-regulated by 
serum stimulation. 

Additional serum stimulation experiments indicated that 
the serum stimulation leads to increased VEGF-C promoter 
activity. Cells were transfected as described above and 24 h 
after transfection changed into medium containing 0.5Cc 
bovine serum albumin. Cells w.ere then stimulated with 10 f /l 
fetal calf serum for 4 hours and analyzed. The Xbal -RsrII 
promoter construct derived from lambda 5 yielded a twofold 
increased activity upon serum stimulation, while the same 
fragment in the reverse orientation showed no response. /Ml 
other promoter constructs also showed up-regulation. rang- 
ing from 1.4 to 1.6 fold (FIG. 15). 

EXAMPLE 32 

Identification of a VEGF-C Splice Variant 

As reported in Example 16. a major 2.4 kb VEGF-C 
mRNA and smaller amounts of a 2.0 kb mRNA are observ- 
able. To clarify the origin of these RNAS, several additional 
VEGF-C cDNAs were isolated and characterized. A human 
fibrosarcoma CDNA library from HT'IOSO cells in the 
lambda gtll vector (Clontech, product #HL1048b) was 
screened using a 153 bp human VEGF-C cDNA fragment as 
a probe as described in Example 10. See also Joukov et al., 
EMBO J., 15:290-298 (1996). Nine positive clones were 
picked and analyzed by PCR amplification using oligonucle- 
otides S'-CACGGCTTATGCAAGCAAAGO' (SEQ ID NO: 

49) and 5 ' - AAC AC A G TTTTCC ATAATAG - 3 ' (SEQ ID NO: 

50) These oligonucleotides were selected to amplify the 
portion of the VEGF-C cDNA corresponding to nucleotides 
495-1661 of SEQ ID NO: 7. PCR was performed using an 
annealing temperature of 55° C. and 25 cycles. 

The resultant PCR products were electrophoresed on 
agarose gels. Five clones out of the nine analyzed generated 
PCR fragments of the expected length of 1147 base pairs, 
whereas one was slightly shorter. The shorter fragment and 
one of the fragments of expected length were cloned into the 
pCRTMII vector (Invitrogen) and analyzed by sequencing. 
The sequence revealed that the shorter PCR fragment had a 
deletion of 153 base pairs, corresponding to nucleotides 904 
to 1055 of SEO ID NO: 7. These deleted bases correspond 
to exon 4 of the human and mouse VEGF-C genes, sche- 
matically depicted in FIGS. 13 A and 13B. Deletion of exon 
4 results in. a frame shift, which in turn results in a C-terminal 
truncation of the full-length VEGF-C precursor, with fifteen 
amino acid residues translated from exon 5 in a different 
frame than the frame used to express the full-length protein. 
Thus, the C-terminal amino acid sequence of the resulting 
truncated polypeptide would be — Leu (lSl)-Ser-Lys-Thr- 
Val-Ser-Gly-Ser-Glu-Glu-Asp-Leu-Pro-His-Glu-Leu-His- 
Val-Glu (199) (SEQ ID NO: 51). The polypeptide encoded 
by this splice variant would not contain the C-terminal 
cleavage site of the VEGF-C precursor. Thus, a putative 
alternatively spliced RNA form lacking conserved exon 4 
was identified in HT-1080 fibrosarcoma cells and this form 
is predicted to encode a protein of 199 amiuo acid residues, 
which could be an antagonist of VEGF-C. 

EXAMPLE 33 

VEGF-C is Similarly Processed in Different Cell 
Cultures in Vitro 

To study whether VEGF-C is similarly processed in 
different cell types, 293 EBNA cells, COS-l cells and 
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HT-1080 cells were transfected with wild type human 
VEGF-C CDNA and labelled with Pro-Mix™ as described ■ 
in Example 22. The conditioned, media from the cultures 
were collected and subjected to immunoprecipitation using 
antiserum S82 (described in Example 21, recognizing a . 
peptide corresponding to amino acids 104-120 of SEQ ID 
NO: 8). The immunoprccipitatcd polypeptides were sepa- 
rated via SDS-PAGE, and delected via autoradiography. The 
major form of secreted recombinant VEGF-C observed from 
all' cell lines tested is a 29/32 kD doublet. These two : 
polypeptides are bound to each other by disulfide bonds, as 
described in Example 22. A less prominent band of approxi- 
mately 21 kD also was detected in the culture media. 
Additionally, a non-processed VEGF-C precursor of 63 kDa 
was observed. This form was more prominent m the COS-1 
cells, suggesting that proteolytic processing of VEGF-C in 
COS cells is less efficient than in 293 EBNA ceUs. Endog- 
enous VEGF-C (in non-transfected cells) was not detectable 
under these experimental conditions in the HT-1080 cells, 
but was readilv detected in the conditioned medium of the 
FC-3 cells. Analysis of the subunit polypeptide sizes and 
ratios in PC-3 cells and 293 EBNA cells revealed strikingly 
similar results: the most prominent form was a doublet of 
r >9'3'> kDa and a less prominent form the 21 kD polypeptide. 
The 21 kD form produced by 293 EBNA cells was not 
recognized by the SS2 antibody in the Western bloL, although 
it is recognized when the same antibody is used for immu- 
noprecipitation (see data in previous examples). As. reported 
in Example 21, cleavage of the 32 kD form in 293 EBNA 
cells occurs between amino acid residues 111 and 112 (bbU 
ID NO* 8), downstream of the cleavage site in PC-3 cells 
(between residues 102 and 103). Therefore, the 21 kD form 
produced in 293 EBNA cells does not contain the complete 
N-terminal peptide used to generate antiserum 882. In a 
related experiment, PC-3 cells were cultured in serum-free 
medium for varving periods of time (1-8 days) prior to 
isolation of the' conditioned medium. The conditioned 
medium was concentrated using a Centricon device 
(Amicon, Beverly, USA) and subjected to Western blotting 
analysis using antiserum 882. After one day of cultunng, a 
prominent 32 kD band was delected. Inc-reasmg amounts of 
a 21-23 kD form were detected in the conditioned media ^ 
from 4 day and 8 day cultures. The diffuse nature of this 
polypeptide band, which is simply called the 23 kD polypep : 
tide in example 5 and several subsequent examples, is most 
likely due to a. heterogeneous and variable amount of 
glycosvlalion. These results indicate that, initially, the cells 45 
secrete a 32 kD polypeptide, which is further processed or 
cleaved in the medium to yield the 21-23 kD form. The 
micruheierogeneily of this polypeptide band would then 
arise .from "the variable glycosylation degree and, from 
microheterogeneitv of the processing cleavage sites, such as 53 
obtained for the amino terminus in PC-3 and 293 EBNA cell 
cultures. The carboxvl terminal cleavage site could also 
vary, examples of possible cleavage sites would be between 
residues 225-226, 226-227 and 227-228 as well as between 
residues 216-217. Taken together, these data suggest the 55 
possibility that secreted cellular protease(s) are responsible 
for the generation of the 21-23 kD form of VEGF-C from 
the. 32 kD polypeptide. Such proteases could be used in vitro 
to cleave VEGF-C precursor proteins in solution during the 
production of VEGF-C, or used in cell culture and in vivo to 60 
release biologically active VEGF-C. 

EXAMPLE 34 

Differential Binding of VEGF-C Forms by the ■ • 
Extracellular Domains of VEGFR-3 and VEGFR-2 65 
In two parallel experiments, 293 EBNA cells were trans- 
fected with a construct encoding recombinant wild type 



VEGF-C or a construct encoding VEGF-C ANACHis 
(Example 2S) and about 4S hours after transfection, meta- 
bolicallv labelled with Pro -Mix™ as described in previous 
examples. The media were collected from mock-transfected 
5 and transfected cells and used for receptor binding analyses. 
Receptor binding was carried out in binding buffer (PBS, 
0.5% BSA, 0.02% Tween 20, 1 microgram/ml heparin) 
containing approximately 0.2 microgram of either (a) a 
fusion protein comprising a VEGFR-3 extracellular domain 
l- fused to an immunoglobulin sequence (VEGFR-3-lg). or (b) 
a fusion protein comprising VEGFR-2 extracellular domain 
fused to an alkaline phosphata.se .sequence (VEGF-R-2-AP; 
Cao ct al Biol. Chem. 271 :31 54-62 (1 996)). As a control, 
similar aliquots of the 293 EBNA conditioned media were 
is mixed with 2 u\ of anti-VEGF-C antiserum (VEGF-C IP). 
After incubation for 2 hours at room temperature, anti- 
VEGF-C antibodies and VEGFR-3-lg protein were 
adsorbed to protein A-scpharosc (PAS) and VEGFR-2-AP 
was immunoprecipitated using anti-AP monoclonal anlibod- 
22 ies (Medix Biotech, Genzyme Diagnostics, San Carlos, 
Calif USA) and protein G-sepharose. Complexes contain- 
ing VEGF-C bound to VEGFR-3-lg or VEGFR-2-AP were 
washed three times in binding buffer, twice in 20 mM 
Tris-HCl (pH 7.4) and VEGF-C immunoprecipitates were 
25 washed three times in RlPA buffer and twice in 20 mM 
tris-HCl (pH 7.4) and analyzed via SDS-PAGE under reduc- 
ing and nonreducing conditions. As a control, the same 
media were precipitated with . anti-AP and protein 
n G-sepharose (PGS) or with PAS to control for possible 
33 nonspecific adsorption. 

These experiments revealed that VEGFR-3 bound to both 
the 32/29 kD and 21-23 kD forms of recombinant VEGF-C, 
. whereas VEGFR-2 bound preferentially to the 21-23 kD 
component from the conditioned media. In addition, small 
15 amounts of 63 kD and 52 kD VEGF-C forms were observed 
binding with VEGFR-3. Further analysis under nonreducing 
conditions indicatcsthat a great proportion of the 21-23 kD 
VEGF-C bound to either receptor does not -contain inter- 
chain disulfide bonds. These findings reinforce the results 
43 that VEGF-C binds VEGFR-2. This data suggests a utility 
for recombinant forms of VEGF-C which are ^"ve towards 
VEGFR-3 only or which are active towards both \ EGFR-3 
and VEGFR-2. On the other hand, these results, together 
with the results in 'Example 28, do not eliminate the possi- 
bility that the 32/29 kD dimer binds VEGFR-3 but does not 
activate it. The failure of the 32/29 kD dimer to activate 
VEGFR-3 could explain the finding that conditioned 
medium from the N-His VEGF-C transfected cells induced 
a less prominent tyrosine phosphorylation of VEGFR-3 than 
medium from VEGF-C ANACHis transfected cells, even 
though expression of the former polypeptide was much 
higher. Stable VEGF-C poly-pep tide mutants that bind to a 
VEGF-C receptor but fail to activate the receptor are useful 
as VEGF-C antagonists. 



EXAMPLE 35 

Discovery of VEGF-C Analogs That Selectively 
Bind to and Activate VEGFR-3, But Not VEGTR-2 

To further identify the cysteine residues of VEGF-C that 
are critical for retaining VEGF-C biological activities an 
additional VEGF-C mutant, designated VEGF- 
CANACHisC156S, was synthesized, in which the cysteine 
residue at position 156 of the 419 amino acid VEGF-C 
precursor (SEQ ID NO: 8; Genbank accession number 
X94216) was replaced with a serine residue. 
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The mutagenesis procedure was carried out using the 
construct of VEGF-CANACHis (see Example 28), cloned in' 
the p ALTER vector, and the Altered sites II in vitro 
mutagenesis svstem of Promega. An oligonucleotide 
5*-GACGGACACAGATGGAGGTTTAAAG- 3' (SEQ ID 5 
NO: 52) was used to introduce the desired mutation in the 
CDS* A encoding VEGT-CANACIIis. The resulting mutated 
VEGF-C cDNA fragment was suhcloncd into the Hindlll- 
NotI sites of the pREP-7 vector (Invitrogen), and the final 
. construct was resequenced to confirm the C156S mutation, l 
The resultant clone has an open reading frame encoding 
amino acids 103-225 of SEQ ID NO: 8 (with a serine codon 
a4 position 156), and further encoding a 6xHis tag. 

The wildtvpe VEGF-C cDNA and three VEGF-C mutant 
constructs (VEGF-C R226.227S, VEGF-C ANACHis, and 1 
VEGF-C ANACHisC156S) were used to transfect 293 
EBNA cells, which were subcultured 10 hours after traus- 
fection. About 48 hours after transfection, the media were 
changed to DMEM/0.1% BSA, and incubation in this ~ 
medium was continued for an additional 48 hours. The 2 
resultant conditioned media were concentrated 30-fold using 
Centriprep-10 (Amicon), and the amount of VEGF-C in the 
media was analyzed by Western blotting using the ami- 
VEGF-C antiserum 882 for immunodetection. Different 
amounts of the recombinant VEGF-C ANACHis, purified 
from a yeast expression system, were analyzed in parallel as 
reference samples to measure and equalize the VEGF-C 
concentrations in the conditioned media. The conditioned 
medium from mock-transfected cells was used to dilute the 
VEGF-C conditioned media to achieve equal concentra- - 
tions. 

An alliquot of the transfected cells were mctabolically 
labelled for 6 h with 100 microcuries/ml of the PRO-MIX™ 
L- [ 35 S] in vitro cell labelling mix (Amersham). The con- 
ditioned media were collected, and binding of the radioac- 
lively labelled. VEGF-C proteins lo the extracellular 
domains of VEGFR-3 and VEGFR-2 was analyzed using 
recombinant^ produced VEGFR-3EC-lg and VEGFR-2EC- 
Ig constructs (containing seven and three Ig' loops of the 
extracellular domains of the respective receptors, fused to an 
immunoglobulin heavy chain constant region). 

As shown in FIG. 14A, all processed VEGF-C forms 
secreted to the culture medium bound to VEGFR-3EC 
domain, with preferential binding of the 21 kDa form (left 
panel). When present at high concentrations, the VEGF-C. 
forms of 58 kDa and 29/31 kDa bound to some extent 
non-specifically to protein A Seph arose (PAS, right panel). 

The VEGFR-2EC domain preferentially bound the 
mature 21 kDa form of wildtype VEGF-C and VEGF- 
CANACHis. Significantly, VEGF-CANACHisCl56S failed 
"to bind the VEGFR2-EC (FIG. 14A, middle panel). 

Next, the ability of the above-described VEGF-C 
polypeptides, to compete with the 125 I-VEGF-CANACHis 
for binding to VEGFR-2 and VEGFR-3 was analyzed. 
Scatchard analysis using VEGF-C ACANHis provided indi- 
cations of the VEGF-C binding affinity for VEGFR-3 (K n = 
135 pM) and VEGFR-2 (K o =410 pM). Ten micrograms of 
the purified yeast VEGF-C ANACHis was labeled using 3 
mCi of Iodine-125. carrier-free (Amersham), and an Iodo- 
Gen Iodination Reagent (Pierce), according to the standard 
protocol of Pierce. The resulting specific activity of the 
labeled VEGF-CANACHis was 1.25X10* 1 cpm/ng. 

To study receptor binding, PAEA/EGFR-2 and PAE/ 
VEGFR-3 cells were seeded into 24-well tissue culture 
plates (Nunclon), which had been coated with 2% gelatin in 
PBS. The 3 25 - VEGF-C ANACHis (2xl0 5 epm) and different 



amounts of media containing equal concentrations of the 
non-labeled VEGF-C (wildtype and mutants) were added to . 
each .plate in Ham's F12 medium, containing 25 mM 
HEPES (pH 8.0), 0A?c BSA, and 0.1% NaN v The binding 
was allowed to proceed at room temperature for 90 minutes. 
The plates were then transferred onto ice and washed three 
limes. with ice-cold PDS containing 0.1% BSA. The cells 
were then lyscd in 1 M NaOH, the lysatcs were collected, 
and the radioactivity was measured using a v-eounter. Bind- 
ing in the presence of VEGF-C-containing conditioned 
medium was calculated as a percentage. of binding observed 
. in parallel control studies wherein equal volumes of medium 
from mock-transfected cells were used instead of VEGF-C 
conditioned media. 

As shown in FIG; 14B. left panel, all VEGF-C mutants 
displaced 12i I-VEGF-CANACHis from VEGFR-3. The effi- 
ciency of displacement was as follows: VEGF- 
CANACI Ii sC 15 6S > VEG F-C ANA CI Iis>wild t ype VEG F- 
C>VEGF-CR226.227S. These results indicate that enhanced 
binding to VEGFR-3 was obtained upon "'recombinant 
. maturation"' of VEGF-C. Recombinant VEGF165 failed to 
displace VEGF-C from VEGFR-3. 

VEGF. VEGF-CANACHis,- and wildtype VEGF-C all. 
efficiently displaced labeled VEGF-CANACHis from 
VEGFR-2, with VEGF-CANACHis being more potent when 
compared to wildtype VEGF-C (FIG. IB, right panel). The 
non-processed VEGF-C R226,227S showed only weak 
competition of 325 I-VEGF-CANACHis. 
. Surprisingly; VEGF-CANACHisR156S failed to displace 
: VEGF-CANACHis from VEGFR-2, thus confirming Ihe 
above described results obtained using a soluble extracellu- 
lar domain of VEGFR-2. 

The ability of the above mentioned VEGF-C forms to 
stimulate tyrosine phosphorylation of VEGFR-3 and 
1 VEGFR-2 was also investigated. Importantly, identical dilu- 
tions of the conditioned media were used for these experi- 
ments and for the competitive binding experiments 
described above. AWestern blot analysis of the conditioned 
media using ami- VEGF-C antiserum 882 was "performed to. 
3 confirm the approximately equal relative amounts of the 
. factors present. 

The stimulation of VEGFR-3 and VEC.FR-2 autophos- 
phorylation by the different VEGF-C forms in general 
5 , correlated with their binding properties, as well as with the 
degree of "recombinant processing" of VEGF-C. The 
VEGF-CANACHisC156S appeared to be at least as poteut as 
VEGF-CANACHis in stimulating VEGFR-3 autophospho- 
rylation. VEGF-CANACHis showed a higher potency when 
3 compared to wildtype VEGF-C in its ability to stimulate 
tyrosine autophosphorylation of both VEGFR-2- and 
VEGFR-3. The VEGF-CR226.227S conditioned medium 
possessed a considerably weaker effect on autophosphory- 
lation of VEGFR-3, and almost no effect on VEGFR-2. 
5 autophosphorylation. - 

Stimulation of. VEGFR-2 tyrosine phosphorylation by 
VEGF-CANACHisCl56S did not differ from that of condi- 
tioned medium from the mock transfected cells, thus con- 
firming the lack of VEGFR-2-binding and VEGFR-2- 
o activating properties of this mutant. 

l*he ability of VEGF-C ANACHisC156S to alter vascular 
permeability in vivo was analyzed using the Miles assay (see 
Example 29). The recombinant VEGF-C forms assayed 
(ANACHis, ANACHisCi56S) were produced by 293 cells, 
5 . purified from conditioned media using Ni-NTA Superfiow 
resin (QIAGEN) as previously described, and pretreated 
with 15 /ig/ml of anti-humau VEGF neutralizing antibody 
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(R&D svstcm's) to neutralize residual amounts of 
co-purified, endogenously produced VEGF Eight picomoles 
of the various VEGF-C forms, as well as 2 pmol of recom- 
binant human VEGF165 (R&D systems) and approximately 
2 pmol of VEGF165 from the conditioned medium which ; 
were either non -treated or p retreated with the above men- 
tioned VTGF-neiitralizing antibody were injected subcuta- 
ncously to the back region of a guinea pig. The area of 
injection was analyzed 20 minutes after injections. Both 
VEGF and VEGF-C ANACHis caused increases iD vascular l 
permeability, whereas ANACHisC156S did not affect vas- 
cular permeability. The neutralizing antibody completely 
blocked permeability activity of VEGF but did not affect 
VEGF-C activity. Residual permeability activity observed 
for the VEGF-containing conditioned medium even after its 1 
treatment with VEGF neutralizing antibody was presumably 
caused by permeability factors other than VEGF that are 
produced by 293 cells. 

The Miles assay also was used to assay the ability of 
VEGF-C R226,227S (cS pM, prctrcatcd with anti-VEGF : 
antibody) to induce vascular permeability. The results indi- 
cated that the ability of VEGF-C R226,227S to induce 
vascular permeability was much weaker when compared to 
wildtype and ANACHis forms of VEGF-C. Collectively, this 
Miles assay data is consistent with the VEGFR-2 binding : 
and au ^phosphorylation data described above, and indicates 
that VEGF-C effect on vascular pcrmcahility is mediated via 
VEGFR-2. 

The foregoing data indicates that proteolytic processing of 
VEGF-C results in an increase in its ability to bind and to 
activate VEGFR-3 and VEGFR-2. Non-processed VEGF-C 
is a ligand and an activator of preferentially VEGFR-3, 
while the mature 21/23 kDa VEGF-C form is a high affinity 
ligand and an activator of both VEGFR-3 and VEGFR-2. 

Moreover, replacement of the cysteine residue at position 
156 (of prepro- VEGF-C, SEQ ID NO: 8) creates a selective 
ligand and activator of VEGFR-3. This alteration inactivates 
the ability of processed VEGF-C to bind to VEGFR-2 and 
to activate VEGFR-2. Importantly, it is believed that the 
elimination of the cysteine at position 156 is the alteration 
responsible for this unexpected alteration in VEGF-C 
selectivity, and not the substitution of a serine per se. It is 
expected that replacement of ..the cysteine at position 156 
with other amino acids, or the mere deletion of this cysteine, 
will also result in VEGF-C analogs having selective bio- 
logical activity with respect to VEGFR-3. All such replace- 
ment -and deletion analogs (collectively referred to as 
VEGF-C AC- 56 polypeptides) arc contemplated as aspects 
of the present invention. 

VEGF-C polypeptides that have the C156S mutation (or 
functpositipn equivalent. mutations at position 156) and that 
retain biological activity with respect to VEGFR-3, such as. 
VEGF-C ANACHisCl56S, are useful in all of the same 
manners described above for wildtype VEGF-C proteins and 
biologically active fragments thereof where VEGFR-3 
stimulation is desired. It is contemplated that most biologi- 
cally active VEGF-C fragments and processing variants, 
including but not limited to the biologically active fragments 
and variants identified in preceding examples, will retain 
VEGF-C biological activity (as mediated through VEGFR- 
3) when a AC J55 mutation is introduced. All such biologi- 
cally active VEGF-C AC l56 polypeptides are intended as an 
aspect of the present invention. 

Moreover, VEGF-C forms containing the C156S mutation 
or equivalent mutations can be used to distinguish those 
effects of VEGF-C mediated via VEGFR-3 and VEGFR-2 



from those obtained via only VEGFR-3. The ability of such 
VEGF-C polypeptides to selectively stimulate VEGFR-3 arc 
also expected to be useful in clinical practice, it being 
\inderstood that selectivity of a pharmaceutical is highly 
desirable in many clinical contexts. For example, the selec- 
tivity of VEGF-C AC 15rt polypeptides for VEGFR-3 binding 
suggests a utility for these peptides to. modulate VEGF-C 
biological activities mediated through VEGFR-3, without 
significant concomitant modulation of blood vessel perme- 
ability or other VEGF-C activities that are modulated 
through VEGFR-2. 

The data presented herein also indicates a utility for AC 156 
polypeptides that are capable of binding VEGFR-3, but that 
do not retain biological activity mediated through VEGFR- 
3. Specifically, such forms arc believed to be capable of 
competing with wildtype VEGF-C for binding to VEGFR-3, 
and are therefore contemplated as molecules that inhibit 
VEGF-C-mediated stimulation of VEGFR-3, Because of the 
« AC 156 alteration, such polypeptides (especially covalem or 
noncovalent dimers of such polypeptides) are not expected 
to bind VEGFR-2. Thus, certain AC l3(S polypeptides and 
polypeptide dimers arc expected to have utility as selective 
inhibitors of VEGF-C biological activity mediated through 
5 VEGFR-3 (i.e., without substantially altering VEGF-C 
mediated stimulation of VEGFR-2). 

In another embodiment of the invention, heterodimers 
comprising a biologically active VEGF-C polypeptide in 
association with a AC 150 polypeptide arc contemplated. It is 
0 contemplated that such heterodimers can be formed in vitro, 
as described below in Example 37, or formed in vivo with 
endogenous VEGF-C following administration of a AC 15 6 
polypeptide. Such heterodimers are contemplated as modu- 
lators of VEGF-C mediated effects in cells where the bio- 
5 logical effects of VEGF-C are mediated through VEGFR- 
2/VEGFR-3 heterodimers. VEGF-C AC 15G polypeptides in 
homodimers or in heterodimers with \vt VEGF-C might 
selectively inhibit the ability of the latter to induce VEGF- 
like effects, particularly to increase the'vascular permeabil- 
D ity. 

EXAMPLE 36 
[5 Utility for VEGF-C in Promoting Myelopoiesis 

The effects of VEGF-C on hematopoiesis were also 
analyzed. Specifically, leukocytes populations were ana- 
lyzed in blood samples taken from the Fl transgenic mice 
described in Example 29, and from their non-transgenic 
>u litterraates. Leukocyte population data from these mice and 
from non-transgenic FVB-NIH control mice (i.e., the strain 
used to generate the transgenic mice) are set forth in the 
tables below. 



FVB/NtH MICE 



60 



65 



male 
5.5 ■ 



mats 
5.5 



female 

9.5 



male 
9.5 



Cell Type 



months months months months mean r o 



Lymphocyte* 
Neir.ruphiLs 


72.20% 


82.17% 


84.25% 


7*25% 


78.22 




5.10 


23.00% 


15.17% 


14.25% 


22.25% 


18.67 




3.9S 


Monocytes 


0,65% 


1.00% 


0.25% 


0.50% 


0.60 




0.27 


Eosinophils 


2.15% 


1.70% 


1.25% 


3.00% 


2.03 




0.65 


Basophils 


0.00% 


0.00% 


0.00% 


0.00% 


0 




0 
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V'CGF-C. TRANSGENIC MICE 






riftle ' 


j irale 


male 




Cell Type 


2 mcn.hs 


3.5 months 


7 months 


mean * u 


LymphDcy.es 


A 1.31c 






33. S3 t 10.70 


Neutrophils 




53.30'f 


so.:7r> 


63 .C9 ± 12-09 


Monocytes 


2..6 c k 


1.33'c - 


0.671c 


J. 38 ± ce. 


Eosinophils 




3.5 : r f 


.50^ 


1.72 * 1.29 


Basophils 


o.oos 


O.OJ<c 


0.0'JTr 


(J = '2 



VEGF-C NEGATIVE CONTROL MICE (' NO N-TRA NSGE NIC 
LITTURMATC5 OF VEGF-C TRANSGENIC MICE! 





mils 


mule 


male 


m^le 












3.5 








Cell Type 


months 


months 


nooihs 


months 


mean 


= o 


LyophDcy.es 


S9.0C:c 


ti">.501t 


?i.00"c 


71 .30'? 


79.7 = 


ica- 


Neutrophils 


7.75<r 


23.001c 


7.00'c 


23.75 


.5. 35 = 


3.0J 


Monocytes 


1.5C*r 


0.501fc 


Q.S*~c 




0.9C = 


0.37 


EDsLr.ophils 


1.5C'"c 


y.OO'.r 


0.67^ 




3.7<; = 


3.25 


Basophils 


O.OCr 


O.OOTt 


0.5 0~c 


C.50~r 


0.25 = 


0.25 



As the foregoing data indicates, the overexpression of 
VEGF-C in the skin of the transgenic mice correlates with 
a distinct alteration in leukocyte populations. Notably, the 
measured populations of neutrophils, were markedly 
increased in the transgenic mice. One explanation for the 
marked increase in neutrophils is a myelopoietic activity 
attributable to VEGF-C. A VEGF-C influence on leukocyte 
trafficking in and out of tissues also may effect observed 
neutrophil populations: Fluorescence -activated cell sorting 
analysis, performed on isolated human bone marrow and 
umbilical cord blood CD34-positive hematopoietic cells, 
demonstrated that a fraction of these cells are positive for 
FU4 (VEGFR-3). Thus, the VEGF-C effect on myelopoiesis 
may be exerted through this VEGFR-3-positive cell popu- 
lation and its receptors. In any ca.se, the foregoing data 
indicates a use for VEFG-C polypeptides to increase granu- 
locyte (and, in particular, neutrophil) counts in human or 
non-human subjects, i.e., in order to assist the subject fight 
infectious diseases. The exploitation of the myelopoietic 
activity of VEGF-C polypeptides is contemplated both in 
vitro (i.e., in cell culture) and in vivo, as a sole myelopoietic 
agent and in combination with other effective agents (e.g., 
granulocyte colony stimulating factor (G-CSF)). 

Additional studies of the myelopoietic effect of VEGF-C, ■ 
using VEGF-C mutants (e.g., VEGF-C AC 156 polypeptides, 
VEGF-C ANACHis, VEGF-C R226,227S) having altered 
VEGFR-2 binding affinities, will elucidate whether this 
effect is mediated through VEGFR-2, VEGFR-3, or both 
receptors, for example. The results of such analysis will be 
useful in determining which VEGF-C mutants have utility as 
myelopoietic agents and which have utility as agents for 
inhibiting myelopoiesis. 

EXAMPLE 37 

Generation of Heterodimers Consisting of Members 
of the VEGF Family of Growth Factors 

Both naturally-occurring and recombinantly-produced 
heterodimers of polypeptides of the PDGFATGF family of 
growth factors have been shown to exist in nature and 
possess mitogenic activities. See, e.g., Cao et al., J. Biol. 
Chew., 271:3154-62 (1996); and DiSalvo, et al., J. Biol 
Chem., 270:7717-7723 (1995). Heterodimers comprising a 
VEGF-C polypeptide may be generated essentia! 1 -* is 
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described In Cao ct al. (1996), using recombinant! y pro- 
duced VEGF-C polypeptides, such as the VEGF-C polypep- 
tides described in the preceding examples. Briefly, a recom- 
binant^' produced VEGF-C polypeptide is mixed at an 
j equimolar ratio with another recombinants produced 
polypeptide of interest, such as a VEGF, VEGF-B, PLGF, 
' PDGFa, POGFp, or c-fos induced growth factor polypep- 
tide. (See, e.g., Cao et al. (1990); Collins et al.. Nature, 
316:748-750 (1965) (PDGF-0, GenBank Acc. No. 
r X028U); Claesson -Welsh et al., Proc. Natl. Acad. Sci. USA. 
86(13):4917-4921 (19S9) (PDGF-a. GenBank Acc. No. 
M22734): Claesson- Welsh et al., Mot. Ceil. Biol 
8:3476-3486 (19SS) (PDGF-p, GenBank Acc. No. 
M216I6); Olofsson et al., Proc. Nail Acad. Sci. (USA), 
1S 93:2576-2581 (1996) (VEGF-B, GenBank Acc. No. 
U45801); Maglione et al., Proc. Nail Acad. Scl (USA), 
■88(20):9267-9271 (1996) (P1GF, GenBank Acc. No. 
X54936); Heldin el al., Growth Factors, 8:245-252 (1993); 
Folkman, Nature Med., 1:27-31 (1995); Friesel et al., 
^ FASEBJ., 9:919-25 (1995); Mustoncn ct al., J. Cell Biol : 
129:895-98 (1995); Orlandini, S., Proc. Natl Acad^ Sci. 
USA, 93(21):11675-116S0 (1996); and others cited else- 
where herein. The mixed polypeptides are incubated in the 
presence of guanidine-HCl and DTT. The thiol groups are 
then protected with S-suU"onation ; and the protein is dia- 
lvzed overnight, initially' against urea/glutathione-SH, 
glutathionc-S-S-glutathionc, and subsequently against 20 
mM Tris-HCl. 

In a preferred embodiment, a variety of differently pro- 
3 « ccsscd VEGF-C forms and VEGF-C variants and analogs, 
such as the ones described in the preceding examples, are 
employed as the VEGF-C polypeptide used to generate such 
heterodimers. Thereafter, the heterodimers are screened to 
determine their binding afiiuitv with respect to receptors of 
, 5 the VEGF/PDGF family (especially VEGFR-1, VEGFR-2, 
and VEGFR-3), and their ability to stimulate the receptors 
(e.g.. assaying for dimcr-stimulatcd receptor phosphoryla- 
tion in cells expressing the receptor of interest on their 
surface). The binding assays may be competitive binding 
4C assays such as those described herein and in the art. In the 
initial binding assays, recombinantly produced proteins 
comprising the extracellular domains of receptors are 
employable, as described in preceding examples for 
VEGFR-2 and VEGFR-3. Heterodimers that bind and 
45 stimulate receptors are useful as recombinant growth factor 
- polypeptides. Heterodimers that bind but do not stimulate 
receptors are useful as growth factor antagonists. Het- 
erodimers that display agonistic or antagonistic activities in 
the screening assays are further screened using, e.g., endot- 
5: helial cell migration assays, vascular permeability assays, 
" and in vivo assays. It will also be apparent from the 
preceding examples that dimers comprising two VEGF-C 
polypeptides (i.e., dimers of identical VEGF-C polypeptides 
as well as dimers of different VEGF-C polypeptides) are 
5 ? advantageously screened for agonistic and antagonistic 
. activities using the same assays. 

In one preferred embodiment, VEGF-C AC 15tJ , polypep- 
tide is employed to make the dimers. It is anticipated that 
agonists and antagonists comprising a VEGF-C AC 156 
62 polypeptide will have increased specificity for stimulating 
and inhibiting VEGFR-3, without concomitant stimulation 
or inhibition of VEGFR-2. 

In another preferred embodiment, VEGF-C polypeptides 
wherein the C-terminal proteolytic cleavage .site has been 
65 altered to reduce or eliminate C-terminal processing (e.g. 
VEGF-C R226,227S) is employed to make dimers for 
screening for inhibitory activity. 
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In yet another preferred embodiment. VEGF-C polypep- 
tides comprising amino-terminal fragments (e.g;, the 
VEGF-C 15 kD form described herein) of VEGF-C are 
employed to make dinners. 

It is further contemplated that inaetivation of only one 
polypeptide chain in a dimcr could be enough to generate an 
inhibitory molecule, which is demonstrated e.g., by the 
generation of PDGF inhibitory mutant as reported in 
Vassboin, Moi Cell Biol., 13:4066-4076 (1993). Therefore, 
in one embodiment, inhibition is achieved by expression in ] 
vivo of a polynucleotide (e.g., a cDKA construct) encoding 
the heterodimerization partner which is unable to bind (or 
binds inefficiently) to the receptor, or by direct administra- 
tion of that monomer in a pharmaceutical composition. 

EXAMPLE 38 

Formation and Screening of Useful Recombinant 
VEGF/VEGF-C Genes and Polypeptides 

Amino acid sequence comparison reveals .that mature 
VEGF-C bears structural similarity to VEGF121 [Tiscber el 
al., J. Biol. Chem., 266(18): 11947-54 (1991)], with certain 
noteworthy structural differences. For example, mature 
VEGF-C contains an unpaired cysteine (position 13.7 of 
SEQ ID NO: 8) and is able to form non-covalently bonded 
polypeptide dimers. In one embodiment of the invention, a 

* VEGF analog is created wherein the unpaired cysteine 
residue from mature VEGF-C is introduced at an analogous 
position of VEGF (e.g., introduced at Leu, fi . of the human 
VEGF 16 5 precursor (FIG. 2, Gcnbank Acc. No. M32977) to 
generate a VEGF***** mutant designated VEGF L5SC). Such 
an alteration is introduced into the VEGF165 coding 
sequence using site-directed mutagenesis procedures known 
in the art, such as the procedures described above in pre- 
ceding examples to generate various VEGF-C mutant forms. 

. This VEGF* C - V3 mutant is recombinantly expressed and is 
screened (alone and as a hctcrodimcr with other VEGF and 
VEGF-C forms) for VEGFR-2 and/or VEGFR-3 binding, 
stimulatory, and inhibitory activities, using in vitro and in 
vivo activity assays as described elsewhere herein. To form 



another VEGF analog of the invention, a VEGF*""* mutant 
is altered to remove a conserved cysteine corresponding to 
cvst of the VCGri65 precursor. Elimination of this cysteine 
from the VEGF T.5SC' would result in a VEGF analog 
resembling VEGF-CANACH"isC156S. This VEGF analog is 
screened for its VEGF- inhibitory activities with respect to 
VEGFR-2 and/or VEGFR-1 and for VEGF-C like stimula- 
tory or inhibitory activities. 

Another noteworthy structural difference between VEGF 
and VEGF-C is the absence in VEGF-C of several basic 
residues found in VEGF (e.g., residues Arg j0B , Lys lic and 
His.,- 2 in the VEGF165 precursor shown in FIG. 2) that have 
been implicated in VEGF receptor binding. See Keyt et al., 
/. Biol Chew., 271(10):563S-46 ( 1996). In another embodi- 
ment of the invention, codons for basic residues (lys, arg, 
his) are substituted into the VEGF-C coding sequence at one 
-or more analogous positions by site-directed mutagenesis. 
For example, in a preferred embodiment, Glu ;Q7 , Thr l69 , and 
Pro 191 , in VEGF-C (SEQ ID NO: 8) are replaced with Arg, 
Lys, and His residues, respectively. The resultant VEGF-C 
analogs (collectively termed " VEGF-C* 1 ""' polypeptides) 

' are recombinantly expressed and screened for VEGFR-1, 
VEGFR-2, and VEGFR-3 stimulatory and inhibitory activ- 
ity. The foregoing VEGF and VEGF-C analogs that have 

' VEGF-like activity, VEGF-C-like activity, or that act as 
inhibitors of VEGF or VEGF-C, are contemplated as addi- 
tional aspects of the invention. Polynucleotides encoding the 
analogs also are intended as, aspects of the invention. 

: Deposit of Biological Materials: Plasmid FLT4-L has 
been deposited with the American Type Culture Collection 
(AXCC), 12301 Parklawn Dr., Rockville Md. 20952 (USA), 
pursuant to the provisions of the Budapest Treaty, and has 
been assigned a deposit date of Jul. 24, 1995 and ATCC 

? accession number 97231. 

While the present invention has been described in terms 
of specific embodiments, it is understood that variations and 
modifications will occur to those in the art. Accordingly,, 
only such limitations as appear in the appended claims 
should be placed on the invention. 



SEQUENCE LISTING 



(1) GENERAL INFORMATION : 

(iii) NUMBER OF SEQUENCES: 57 



(2) INFORMATION FOR SEQ ID NO : 1 : 

(1) SEQUENCE CHARACTERISTICS: . 

(A) LENGTH: 44 16 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

<ii) MOLECULE TYPE: cDNA 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NC : 1 : 

CCACGCGCAG CGGCCGGAGA TC-CAGCGGGG CGCCGCGCTG TGCCTGCGAC TGTGGCTCTG 

CCTGGGACTC CTGGACGGCC TGGTGAGTGG CTACTCCATG ACCCCCCCGA CCTTGAACAT 

CACGGAGGAG TCACACGTCA TCGACACCGG TGACAGCCTG TCCATCTCCT GCAGGGGACA 

GCACCCCCTC GAGTGGGCTT GGCCAGGAGC TCAGGAGGCG CCAGCCACCG GAGACAAGGA 



60 
120 
1B0 
240 
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200. 
26 0 
J20 
480 



CAGCGAGGAC ACGGGGGTGGTGCGA3ACTG CGAGGGCACA GACGCCAGGC CCTACT3CAA 
GGTGTTGCTG CTGCACGAGG TACATGCCAA CGACACAGGC AGCTACGTCT GCTACTACAA 
GTAC ATCAAG GCA-GCATCG AG3GCACCAC GGCCGCCAGC TCCTACGTGT TCGTGAGAGA 
CTTTGAGCAG CCATTCA7CA ACAAGCCTGA CACGCTCTTG GTCAACAGGA AGGACGCCAT 

GTGGGT3CCC TGTCTGGTGT CCATCCCCGG CCTCAATGTC ACGCTGCGCT CGCAAAGCTC 540 _ 

GGTGCT3TGG CCAGACGGGC AGGAGSTGGT GTGGGATGAC CGGCGGGGCA TGCTCGTGTC ' 600 

CAC3CCACTG CTGCACGATG CCCTGTACCT GCAGTGCGAG ACCACCTGGG GAGACCAGGA 66 0 

CTTCCTTTCC AACCCCTTCC 1 G3TGC AC AT CACAGGCAAC GAGCTCTATG ACATCCAGCT 720 

GTTGCCCAGG AAGTCGCTGG AGCTGCTGGT AGGGGAGAAG CTGGTCCTGA ACTGCACCGT 780 

GTGGGC TGAG TT7AACTCAG GTGTCACCTT TGACTGGGAC TACCCAGGG A AGCAGGCAGA 840 

GCGGGGTAAG TGGGTGCCCG AGCGACGCIC CCAGCAGACC C AC AC AG AAC TCTCCAGCAT 900 
C3T3ACCATC CACAACGTCA GCCAGCACGA CCTGGGCTCG TATGTGTGCA AGGCC AACAA 960 

CSGCATCCAG CGATTTCGGG AGAGCACCGA GGTCATTGTG CATGAAAATC CCTTCATCAG 1C20 

CGTCGASTGG CTCAAAGGAC CCATCCTGGA GGCCACGGCA GG AG ACG AG Z TGGTGAAGCT 1C80 

. GCCCGTGAAG CTG3CAGCGT ACCCCCCGCC CGAGTTCCAG TGGTACAAGG ATGGAAAGCC 1140 

ACTGTCCGGG CGCCACAGTC CACATGCCCT GCTGCTCAAG GAGGTGACAG AGGCC AG CAC 120 0 

AGGCACCTAC ACCCTCGCCC TGTGGAACTC CGCTGC7GGC CTGA3GCGCA ACATCAGCCT 126 0 

G3AGCT3GTG 3TGAATGTGC CCCCCCAGAT ACATGAGAAG GAGGCCTCCT CCCCCA3CAT " 1320 

CTACTCGCGT CACAGCCGCC AGGCCCTCAC CTGCACGGCC TACGGGGTGC CCCTGCCTCT 1280 

CAGCATCCAG TGGCACTGSC GGCCCTGGAC ACCCTGCAAG ATGTTTGCCC AGCGTA3TCT 1440 

CCGGCGGCGG -CAGCAGCAAG ACCTCATGCC ACAGTGCCGT GACTGGAGGG CGGTGAZCAC 1500 

GCAGGATGCC GTGAACCCCA TCGAGAGCCT GGACACCTGG ACCGAGTTTG TGGAGGGAAA 1560 
GAATAA3ACT GTGAGCAAGC TGGTGATCCA GAATGCCAAC GTGTCTGCCA TGTACAAGTG 1620 
TGTGGTCTCC AACAAGGTGG GCCAGGATGA GCGGCTCATC T ACTT CT AT G T G ACC AC CAT 1680 
CCCCGACGGC TTCACCATCG AATCCAAGCC ATCCGAGGAG CTACT AGAGG GCCAGCCGGT '.74 0 
GCTCCTGAGC TGCCAAGCCG ACAGCTACAA GTACGAGCAT CTGCGCTGGT ACCGCCTCAA LS00 
CCTG1CCACG CTGCACGATG CGCACGGGAA CCCGCTTCTG CTCGACTGCA AGAACGTGCA- 166 0 - 
' ■ TCTGTTCGCC ACCCCTCTGG CCGCCAGCCT GGAGGAGGTG GCACCTGGGG CGCGCCACGC 1920 
• CACGCTCAGC CTGAGT AT CC CCCGCGTCGC GCCCGAGCAC GAGGGCCACT ATGTGT3CGA 1980 
AGTGCAAGAC CGGCGCAGCC ATGACAAGCA CTGCC AC AAG AAGTACCTGT CGGTGCAGGC 2C40 

CCTGGAAGCC CCTCGGCTCA CGCAGAACTT GACCGACCTC CTGGTGAACG TGAGCGACTC .2100 
GCTGGAGATC- CAGTGCTTGG TGGCCGGAGC GCACGCGCCC AGCATCGTGT GGTACAAAGA 2160 
C3AGAGGCTG CTGGAGGAAA AGTCTGGAGT CGACTTGGCG GACTCCAACC AGAAGCTGAG . 2220 
CATCCAGCGC GTGCGCGAGG AGGATGCGGG ACGCTATCTG TGCAGCGTGT GCAACGCCAA 2280 
GGGCTGCGTC AACTCCTCCG CCAGCSTGGC CGTGGAAGGC TCCGAGGATA AGGGCAGCAT 2340 
GGAGATCGTG ATCCTTGTCG GTACCGGCGT CATCGCTGTC TTCTTCTGG3 TCCTCCTCCT 2400 
CCTCATCTTC TGTAACATGA GGAGGCCGGC CCACGCAGAC ATCAAGAC.GG GCTACCTGTC 24 60 
CATCATCATG GACCCCGGGG AGGTGCCTCT GGAGGAGCAA 7GCGAATACC TGTCCTACGA 2 52 0 
TGCCAGCCAG TGGGAATTCC CCCGAGAGCG GCTGCACCTG GGGAGAGTGC TCGGCTACGG 2580 
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C:-CCTT2GGC- AAG3TGG7SG AASCCTCCGC TTTCGGCATC CACAAGGGCA GCAGCTGTGA 2C4 0 

CACCGTSGCC GTGAAAA7GC TGAAAGAGGG CGCCACGGCC AGCGAGCACC GCGCGCTGAT 2 7 00 

GTCGGAGCTC AAGATCCTCA TTC AC ATC GG CAACCACCTC AACGTGG1C A ACCTCCTCGG 276 0 

GGCGTGCACC AAGCCGCAGG GCCCCCTCAT GGTGATCGTG GAGTTCTGCA AGTACGGCAA 2E2 0 

C3TCTCCAAC TTCCTGCGCG CCAACCGGGA CGCCTTCAGC CCC7GCGCGG AGAAGTCTCC 2E8 0 

C3ASCA3CGC GGACGCTTCC GCGCCATGGT GGAGCTCGCC AGGCTGGATC GGAGGCGGCC 2S4 0 

GGGGAGCAGC GACAGGGTCC TCTTC3CGCG GTTCTCGAAG ACCGAGGGCG GAGCGAGGCG 3C00 

G3CTTCTCCA GACCAAGAAG CTGAGGACCT ■ CTGGCTGAGC CCGCTGACCA TGGAAGRTCT 3C60 

TGTCTGCTAC AGCTTCCAGG TGGCCAGAGG GAT GG AG TTC CTGGCTTCCC GAAAGTGCAT 3 120 

CGACAGAGAC CTGGCTGCTC GGAAC ATT CT GCTGTCGGAA AGCGACGTGG TGAAGATCTG 3 180 

TGACTCTGGC CTTGCCCGGG ACATCTACAA AG ACC CT G AC TACGTCCGCA AGGGCA3TGC 3 2 40 

CCGGCTGCCC CTGAAGTGGA TGGCCCCTGA AAGCATCTTC ' GACAAGGTGT ACACCACGCA 3200* 

GAGTGACGTG TGGTCCTTTG, C-GGTGCTTCT CTGGGAGATC TTCTCTCTGG GGGCCTCCCC 3 260 : 

GTACCCTGGG GTGCAGATCA ATGAGGAGTT CTGCCAGCGG CTGAGAGACG GCACAAGGAT 3420 
GAGGGCCCCG GAGCTGGCCA CTCCCGCCAT ACGCCGCATC ATGCTGAACT GCTGGTC CGG 3480 
AGACCCCAAG GCGAGACCTG CATTCTCGGA GCT GGTGGAG ATCCTGGGGG ACCTGCTCCA 35 4 0 
GGGCAG3GGC CTGCAAGAGG AAG AG GAGGT CTGCATGGCC CCGCGCAGCT CTCAGAGCTC 3600 
AGAAGAGGGC AGCTTCTCGC AGGTGTCCAC CATGGCCCTA CACATCGCCC AGGCTGACGC 36 60 
TGAGGACAGC GCGCCAAGCC TGCAGCGCCA CAGCCTGGCC GCCA3GTA7T ACAACTGGGT - 3720 
GTCCTTTCCC GGGTGCCTGG CCAGAGGGGC TGAGACCCGT GGTTCCTCCA GGATGAAGAC 37 80 
ATTTGAGGAA TTCCCCATGA CCCCAACGAC CTACAAAGGC TCTGTGGACA ACC AG AC AG A 36 40 
CAGTGGGATG GTGCTGGCCT CGG AG GAGTT TGAGCAGATA GAGAGCAGGC ATAGACAAGA 3 900 
AAGCGGCTTC AGGTAGCTGA AGCAGAGAGA GAGAAGGCAG CATACGTCAG CATTTTCTTC 3 9 60 
TCTGCACTTA T AAGAAAG AT CAAAGACTT7 AAGACT7TCG CTATTTCTTC TACTGCTATC 4C20 
TACTACAAAC TTCAAAGASG AACCAGGAGG AC AAG AG GAG C ATGAAAGT G GACAAGGAGT 4C80 
GTGACCACTG AAG C ACC AC A GGGAAGGGGT TAGGCCTCCG GATGACTGCG GGCAGGCCTG .4140 
GATAATATCC AGCCTCCCAC AAGAAGCTGG TGGAGCAGAG TGTTCCCTGA CTCCTCCAAG 4 2 00 
GAAAGGGAGA CGCCCTTTCA TGGTCTGCTG AGTAACAGGT GCNTTCCCAG ACACTGGCGT 42 60 
TACTGCTTGA CCAAAGAG ZC CTCAAGCGGC CCTTATGCCA GCGTGACAGA GGGCTCACCT 4 32 0 
CTTGCCTTCT AGGTCACTTC TCACACAATG TCCCTTCAGC ACCTGACCCT GTGCCCGCCA 4 38 0 
GTTATTCCTT GGTAATATGA GTAATACATC AAAGAG 4416 

(2) INFORMATION FCR SEC 12 NO:2: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 216 base pairs - 

(B) TYPE: nu=leic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 



(ii) KOLZCULE TYPE: c2HA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 2: 
CAAGAAAGCG GCTTCAGCTG TAAAGGACCT GGC C AGAATG TGGCTGTGAC CAGGGCACAC 
CCTGACTCCC AAGGGAGGCG GCGGCGGCCT GAGCGGGGGG CCCGAGGAGG CCAGGTGTTT 
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180 
216 



6 0 
120 
180 
240 
300 
360 



TACAACAGCC- .AGTATGGGGA GCTGTCGGAG CCAAGCGAGG AGGACCACT3 CTCCCC3TCT 
G2CCGCGTGA CTTTCTTCAC AGACAACAGC TACTAA 

(2) HIFORKATIOK FCR SEC. I- NO: 3: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 4 27 3 baee pairs 

(B) TYPE: nu=leic acid 

(C) ETRAHDEDNES5: single 

(D) TOPCLOGY: linear 

(ii) KOLZCCLE TYPE: cSWA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 3 : 
AAGCTTATCG ATTTCGAACC CGGGGGTACC GAATTCCTCG AGTCTAGAGG AGCATGCCTG 
CAGGTCGACC GGGCTCGATC CCCTCGCGAG TTGGTTCAGC TGCTGCCTGA GGCTGGACGA 
CCTCGCGGAG TTCTACCGGC AGTGCAAATC CGTCGGCATC CAGGAAACCA GCAGCGGCTA 
TCCGCGCATC CATGCCCCCG AACTGCAGGA GTGGGGAGGC ACGATGGCCG CTTTGGTCCC 
GGATCTTTGT GAAGGAACCT TACTTCTGTG G7GTGACATA ATTGG AC AAA CTACCTACAG 
AGATTTAAAG CTCTAAGGTA AATATAAAAT TTTTAAGTGT ATAATGTC-TT AAACTACTGA 

TTCTAATTGT TTGTGTATTT TAGATTCCAA CCTATGGAAC TGATGAATGG GAGCAGTGGT 420 

GGAATGCCTT TAATGAGGAA AACCTGTTTT GCTCAGAAGA AATGCCATCT AGTGATGATG 480 

AGGCTACTGC TGACTCTCAA CATTCTACTC CTCCAAAAAA GAAGAGAAAG GTAGAAGACC 540 

CCAAGGACTT TCCTTCAGAA TTGCTAAGTT TTTTGAGTCA TGCTGTGTTT AGTAATAGAA \600 

CTCTTGCTTG CTTTGCTATT TACACCACAA AGGAAAAAGC TGCACTGCCA TACAAGAAAA 660 

TTATGGAAAA AT AT TC T G T A ACCTTTATAA GTAGGCATAA CAGTTATAAT CATAACATAC 72 0 

T GTTTT TTCT TACTCCACAC AGGCATAGAG TGTCTGCTAT TAATAACTAT GCTCAAAAAT 780 

TGTGTACCTT T AG CTTTT T A ATTTGTAAAG GGGTTAATAA GGAATATTTG ATGTATAGTG 8 40 

CCTTGACTAG AGATCATAAT CAGCCATACC ACATTTGTAG AGGTTTT AC T TGCTTTAAAA 900 

AACCTCCCAC ACCTCCCCCT GAACCTGAAA CATAAAATGA .ATGCAATTGT TGTTGTTAAC 9 60 

TTGTTT ATTG CAGCTTATAA T GGTT AC AAA TAAAGCAATA GCATCACAAA TTTCACAAAT 1C20 

AAAGCATTTT TTTCACTGCA TTCTAGTTGT GGTTTGTCCA AACTCATCAA TGT AT CT TAT 1C8 0 

CATGTCTGGA TCTGCCGGTC TCCCTATAGT GAGTOGTATT AATTTCGATA AGCCAGGTT A 1140 

ACCTGCATTA ATGAATCGGC CAACGCGCGG GGAGAGGCGG TTTGCGTATT GGGCGCTCTT ' 12 0,0 

CCGCTTCCTC GCTCACTGAC TCGC7GCGCT CGGTCGTTCG GCTGCGGCGA GCGGT ATGAG 12 60 

CTCACTCAAA GGCGGTAATA CGGTTATCCA CAGAATC AGG GGATAACGCA GGAAAGAACA 1320 

TGTGAGCAAA AGGCCAGCAA AAGGCCAGGA ACCGTAAAAA GGACGCGTTG CTGGCGTTTT 1380 

TCCATAGGCT CCGCCCCCCT G AC GAGCATC ACAAAAATCG ACGCTCAAGT CAGAGGTGGC I4i0 

GAAACCCGAC AGG ACT AT AA AGATACCAGG CGTTTCCCCC TGGAAGCTCC CTCGTGCGCT 1500 

CTCCTGTTCC GACCCTGCCG CTTACCGGAT ACCTGTCCGC CTTTCTCCCT TCGGGAAGCG 156 0 

TGGCGCTTTC TCAATG CTC A CGCTGTAGGT A7CTCAGTTC GGTGTAGGTC GTTCGCTCCA 1620 

AGCTGGGCTG TGTGCACGAA CCCCCCGTTC AGCCCGACCG CTGCGCCTTA TCCGGTAACT 16 80 

ATCGTCTTGA GTCCAACCCG GTAAGACACG ACTTATCGCC ACTGGCAGCA GCCACTGGTA , 174 0 

ACAGGATTAG CAGAGCGAGG TATGTAGGCG GTGCTACAGA GTTCTTGAAG TGGTGGCCTA ie00 

ACTACGGCTA C AC TAG AAGG ACAGTATTTG GTATC TGCGC TCTGCTGAAG CCAGTTACCT i86 0 
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TCGGAAAAAG AGTTGGTAGC TCTTGATCCG GCAAACAAAC CACC3CTGGT AC-CGGTGGTT 1S20 
TTTTTGTTTG CAASCAGCAG ATTACGCGCA GAAAAAAAGG ATCTCAAGAA GATCCTTTGA -.5 80 
TCTTTTCTAC GGGSTCTGAC C-CTCAGTGGA ACGAAAACTC ACGTTAAGGG ATTTTG3TCA 2C4 0 
T3AGATTATC AAAAAGGATC TTCACCTAGA TCCTTTTAAA TTAAAAATGA A.GTTT T AAAT 2100 
CAATCTAAAC- TATATATGAG TAAACTTGGT CTGACAGTTA CCAATGCTTA ATCAGTGACG 2160 
CACCTATCTC AGCGATCTGT CTATTTCGTT CATCC ATAGT TGCCTGACTC CCCGTC3TGT 2 220 
AGATAACTAC GATACGGGAG GGCTTACCAT CTGGCCCCAG TGCTGCAATG ATACCGCGAG 22 8 0 
ACCCACGCTC ACCGGCTCCA GATTTATCAG CAATAAACCA GCCAGCCGGA AGGGCCGAGC 2 2 4 0 
GCAGAAGTGG TCCTGCAACT TTATCCGCCT CCATCCAGTC TATTAATTGT TGCCGGGAAG 2 400 
C TAG AGTAAG TAGTTCGCCA GTTAATAGTT TGCGCAACGT TGTTSCCATT GCTACAGGCA 2460 
TCGTGCTGTC ACGCTCGTCG TTTGGTATGG CTTCATTCAG CTCC3GTTCC CAACGATCAA 2520 
GGCGAGTTAC -ATGATCCCCC ATGTTGTGCA AAAAAGCSGT TAGCTCCTTC GGTCCTCCGA 25 80 
TCGTTGTCAG AAGTAAGTTG GCCGCAGTGT TAT C ACT CAT GGTTATGGCA GCACTGCATA 2640 
ATTCTCTTAC TGTCATGCCA TCCGTAAGAT GCTTTTCTGT GACTC-GTGAG. TACTCAACCA 27 00 
AGTCATTCTG- AGAATAGTGT AT3CGGCGAC CGAGTTGCTC TTGCCCGGCG TCAAT ACGGG ^ 2760 
ATAATACCGC GCCACATAGC AGAACTTTAA AAGTG CTC AT CATTGGAAAA CGTTCTTCGG 2620 
GGCGAAAACT CTCAAGGATC TTACCGCTGT TGAGATC C AG TTCGATGTAA CCCACTCGTG 2680 
CACCCAACTG ATCTTCAGGA TCTTTTACTT TCACCAGCGT TTCTGGGTGA GCAAAAACAG ' 2 5 4 0 
GAAGGCAAAA TGCCGCAAAA AAGGGAATAA GGGCGACACG GAAATGTTGA AT ACT CAT AC 3C00 
TCTTCCTTTT TCAATATTAT TGAAGCATTT ATCAGGGTTA TTGTCTCATG AGCGG AT AC A 3C60 
TATTTGAATG TATTTAGAAA AATAAACAAA TAGGGGTTCC GCGCACATTT CCCCGAAAAG 3120 
TSCCACCTGA CGTCTAAGAA ACCATTATTA TCATGACATT AAC CT AT AAA AATAGGCGTA 318 0 
TCACGAGGCC CTTTCGTCTC GCGCGTTTCG GTGATGACGG TGAAAACCTC TGACACATGC 32 4 0 
AC-CTCCCGGA GACGGTCACA GCTTGTCTGT AAGCG GATGC CGGGAGCAGA CAAGCCCGTC 3300 ■ 
AGGGCGCGTC AGCGGGTGTT C-GCGGGTGTC GGGGCTGGCT TAACTATGCG GCATCAGAGC . 3360 
AGATTGTACT G AG AGTGC AC CAT ATGGACA TAT TG TCGTT AGAACGCGGC TACAATTAAT . 3420 
ACATAACCTT ATGTATCATA C AC AT ACG AT TTAGGTGACA CTATAGAACT CGAGCAGAGC 3480 
TTCCAAATTG AGAGAGAGGC TTAATCAGAG ACAGAAACTG TTTGAGTCAA CTCAAG3ATG 3 5 40 
GTTTGAGGGA CTGTTTAACA C-ATCCCCTTG GTTTACCACC TTGATATCTA CCATTATGGG 3 600 
ACCCCTCATT GTACTCCTAA TGATTTTGCT CTTCGGACCC TGCATTCTTA ATCGATTAGT 3660 
CCAATTTGTT AAAC-ACAGGA TATCAGTGGT CCAGGCTCTA GTTTTGACTC AACAATATCA 37 2 0 
CCAGCTGAAG CCTATAGAGT ACGAGCCATA GATAAAATAA AAGATTTTAT TTAGTCTCCA 3780 
GAAAAAGGGG GGAATGAAAG ACCCCACCTG TAGGTTTGGC AAGCTAGCTT AAGTAACGCC 3840 
ATTTTG CAAG GCATGGAAAA ATACATAACT GAG AAT AG AG AAGTTCAGAT CAAGGTCAGG 3900 
AACAGATGGA ACAGCTGAAT ATGGGCCAAA CAGGATATCT GTGGTAAGCA GTTCCTGCCC 3960 
CGGCTCAGGG CCAAGAACAG ATGGAACAGC TGAAT ATGGG CCAAACAGGA TATCTGT GGT 4C20 
AAGCAGTTCC TGCCCCGGCT CAGGGCCAAG AACAGATGGT CCCCAGATGC GGTCCAGCC.C 4C80 
TCAGCAGTTT CTAGAGAACC ATCAGATGTT TCCAGGGTGC CCCAAGGACC TGAAATGACC 4 140 
' CTGTGCCTTA TTTGAACTAA CCAATCAGTT CGCTTCTCGC TTCTGTTCGC GCGCTTCTGC 4 200 
TCCCCGAGCT CAATAAAAGA GCCCACAACC CCTCACTCGG GGCGCCAGTC CTCCGATTGA " 4 26 0 
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CTGAGTCGCC CGG 



(2) 113 FORMAT IOK FCR SEC. . IZ NO: 4: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 0 anino acids 

(B) TYPE: . anino acid 

(C) STRANDEDNESS : Not Relevant 
/ D ) TOFCLOGY: linear 

l 

(ii) MOLECULE TYPE: peptide 

' (xi) SEQUENCE DESCRIPTION: SEQ ID NO : 4 : . 

Pro Met Thr Pro Thr The Tyr Lys Gly Sec Val Asp Asn Gin Thr Asp 
- 5 10 15 

ser Glv Met Val Leu Ala ser Glu Glu Phe Glu Gin lie Glu Ser Arg 
20 25 3C 

His Arc Gin Glu Ser Gly Phe Arg 
" " 35 r 40 

(2) IN FORMAT IOK FCR SEC I" NO: 5: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 anino acids 

(B) TYPE: anino acid 

(C) £ TRAM DEDN ESS : Not Relevant. 

(D ) TOPCLDGY : linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:5: 

Xao Glu Glu Thr He Lys Phe Ala Ala Ala His. Tyr Asn Thr Glu He 
5 10 15 



(2) INFORMATION FCR SEQ 13 NO: 6: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 219 base pairs 

(B) TYPE: nucleic' acid 

(C) STRANDEDNESS: single 

(D) TOPCLDGY: linear 

(ii) MOLECULE TYPE: C-NA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 6 : 

TCACTATAGG GAGACCCAAG CTTGGTACCG AGCTCGGATC CACTAGTAAC GGCCGCCAGT 6 0 

GTGGTGGAAT TCGACGAACT CATGACTGTA CTCTACCCAG AATATTGGAA AATGT AC AAG 12 0 

TGTCAGCTAA GGCAAGGAGG CTGGCAACAT AACAGAGAAC AGGCCAACCT CAACTCAAGG 180 

AC AG AAG AG A CTATAAAATT CGC TGCAGC A CACTACAAC ^ 219 

(2) INFORMATION FCR SEC 13 NO: 7: 

(i) SEQUENCE CHARACTERISTICS t 

(A) LENGTH: 1997 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 
,(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cDHA - 

(ix) FEATURE: 

(A) NAME /KEY: CDS 

(B) LOCATION: 3 52.. 1 60S 
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' (xi) SEOUEKCE DESCRIPTION: SEQ ID NO: 7: 

CCCGCC3CGC CTCTCCAAAA AGCTACACCG ACGCGGACCG CGGC3GCGTC CTCCCTCGCC 

CTCGCTTCAC CTCGCGGGCT CC3AATGCGG GGAGCTCGGA TGTCCGGTTT CCTGTGAGGC 

TTTTACCTGA CAC3CGCCGC CTTTCCCCGG CACTGGCTGG GAGGGCGCCC TGCAAA3TTG 

GGAACGCGCA 3CCCCGGACC CGCTCCCCCC GCCTCCGGCT CGCCCAGGGG GGGTCGCCCG 

GAGGAGCCCG 3GG3AGAGGG ACCAGGAGGG GCCCGCGGGC TCGCAGGGGC GCCCGCGCCC 

CCACCCCTGC- CCCIGCCAGC GGACC3GTCC CCCACCCCCG GTCCTTCCAC C ATG CAC 

Me~ his 



Me- His 

. I 

«TG C-G GGC TTC TTC TCT GTG GCG TGT TCT CTG CTC GCC GCT GCG CTG 
Leu Leu Gly Phe Phe Sec Val Ala Cys Ser Leu Leu Ala Ala Ala Leu 
5 ID 15 

CTC CCG GGT CCT CGC GAG 3CG CCC GCC GCC GCC GCC GCC TTC GAG TCC 
Leu Pro Gly Pro Arg Glu Ala Prz Ala Ala Ala Ala Ala Phe Glu Se_ 
2C 25 30 

r-A r— GAC C"C TCG GAC GCG GAG CCC GAC GCG GGC GAG GCC ACG GCT 
Gly lZ tst t: S« Asp Ala Glu Pro As ? Ala Gly Glu Ala Thr Ala 

TAT GCA AGC AAA GAT CTG GAG GAG CAG TTA CGG TCT 3TG TCC ACT GTA 
Tyr Ala Ser lys Asp Leu Glu Glu Gin Leu Arg Ser Val Ser . Val 

55 eo . 65 

GAT GAA CTC ATG ACT GTA CTC TAC CCA GAA TAT TGG AAA ATG TAC AAG 
Asp Glu Leu Met Thr Val Leu Tyr Pro Glu Tyr Trp Lys He" Tyr Lys 
70 75 60 - 

TGT CAG CTA AGS AAA GGA GGC TGG CAA CAT AAC AGA GAA CAG GCC AAC 
Cys Gin Leu Arg Lys Gly Gly Trp Gin His Asn Arg Glu Gin Ala Asn 
35 . - 90 .« 

CTC AAC TCA AGG ACA GAA GAG ACT ATA AAA TTT GCT GCA GCA CAT TAT 
Leu Asr. Ser Arc Thr Glu Glu Thr lie Lys Phe Ala Ala Ala r.xs -y- 
L0C 135 -10 

AAT ACA GAG ATC TTG AAA AGT ATT GAT AAT GAG TGG AGA AAG ACT CAA 
Asn Thr Glu He Leu Ly a Ser lie Asp Asn Glu Trp Arg Lys Thr Gin 
:15 120 125 • . 

" -GC ATG CCA CGG GAG GTG TGT ATA GAT GTG GGG AAG GAG TTT GGA GTC 
Cys Met Pro Arg Glu Val Cys He Asp Val Gly Lys Glu Phe Gly Val 
135 1*0 

- GCG ACA AAC ACC TTC TTT AAA CCT CCA TGT GTG TCC GTC TAC AGA TGT 
Ala. Thr Asn Thr Phe Phe Lys Pre Pro Cys Val Ser val Tyr Arg Cys 
150 155 -60 



GGG GGT TGC TGC AAT AGT GAG GGG CTG CAG TGC ATG AAC JU.C AGC AwG 
Gly Gly Cya Cys Asn Ser Glu Gly Leu Gin Cys Met Asn -hr .er - 
155 175 

AGC TAC CTC AGC AAG ACG TTA TTT GAA ATT ACA GTG CCT CTC TCT CAA 
Ser Tyr Leu Ser Lys Thr Leu Phe Glu lie Thr Val Pro Leu Ser Gin 
18C 135 ^0 

GGC CCC AAA CCA GTA ACA ATC AGT TTT GCC AAT CAC ACT TCC TGC CGA 
Gly Pro Lys Pro Val Thr He Ser Phe Ala Asn His Thr Ser Cys Arg. 
200 205 



TGC ATG TCT AAA CTG GAT GTT TAC AGA CAA GTT CAT TCG ATT ATT AGA 
Cya Met Ser lys Leu Asp Val Tyr Arg Gin Val His Ser .le lie Arg 

215 220 J 



CGT TCC CTG CCA GCA ACA CTA CCA CAG TGT CAG GCA GCG AAC AAG Aj.C . 
Arg Ser Leu Pro Ala Thr Leu Pro Gin Cys Gin Ala Ala Asn Lys *h- 
233 235 240 



T-C CC"" ACC AAT TAC ATG TGG AAT AAT CAC ATC TGC AGA TGC CTG GCT 
cyl Pro Thr En Tyr Met Tr P Asn Asn His He Cys Arg Cys Leu Ala 
245 250 255 



60 
120 
1B0 
240 
' 300 
357 
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CAG GAAGAT TTT ATG TTT TCC TCG GAT GCT GGA GAT GAC TCA ACA GAT 1173 
Gin Gin Asp Phe Met Phe Ser Sec Asp Ala Gly Asp Asp Se: Thr Asp 
26C 255 270 

GGA TTC CAT GAC ATC TGT GGA CCA AAC AAG GAG CTG GAT GAA GAG ACC 1221 
Gly Phe His Asp He Cys Gly Frz Asn Lys Glu Leu Asp Glu Glu Thr 
275 283 285 250 

TGT CAG TGT GTC TGC AGA GCG GGG CTT CGG CCT GCC AGC TGT GGA CCC 1269 
Cya Gin Cya Val Cya Arg Ala Gly Leu Arg Pro Ala Ser Cyts Gly Pro 
295 ' 300 305 

CAC AAA GAA CTA GAC AGA AAC TCA TGC CAG TGT GTC TGT AAA AAC AAA 1317 
His lys Glu Leu Asp Arg Asn Sec Cys Gin Cys Val Cys Lys Asn Lys 
3.3 315 320 

CTC TTC CCC AGC CAA TGT GGG GCC AAC CGA GAA TTT GAT GAA AAC ACA 1365 
Leu Phe Pro Ser Gin Cys Gly Ala Asn Arg Glu Phe Asp Glu Asn Thr 
325 333 335 

"GC CAG TGT GTA TGT AAA AGA ACC TGC CCC AGA AAT CAA CCC CTA AAT 1413 
Cya G'r. Cys Val Cys Lys Arg Thr Cys Pre Arg Asn Gin Pro Leu Asn 
34C 345 350 

CCT GGA AAA TGT GCC TGT ■ GAA TGT ACA GAA AGT CCA CAG AAA TGC TTG 1461 
Pro Gly Lys Cys Ala Cys Glu Cys Thr Glu. Ser Pro Gin Lys Cys Leu 
355 363 365 370 

TTA AAA GGA AAG AAG TTC CAC CAC CAA ACA TGC AGC TGT TAC AGA CGG 150 9 

Leu -ve Gly Lys Lys Phe Hie His Gin Thr Cys Ser Cys Tyr Arg Arg 
375 380 385 

CCA TGT ACG AAC CGC CAG AAG GCT TGT GAG CCA GGA TTT TCA TAT AGT 155 7 

Pro Cys Thr Asn Arg Gin Lys Ala Cys Glu Pro Gly Phe Ser Tyr Se.- 
390 395 4C0 

GAA GAA GTG TGT CGT TGT GTC CCT TCA TAT TGG AAA AGA CCA CAA ATG 1605 
Glu Glu Val Cys Arg Cys Va; Pre Ser Tyr Trp Lys Arg Pro Gin Ms- 
435 413 415 

AGC TAAGATTGTA CTGTTTTCCA GTTCATCGAT TTT CT ATT AT GGAAAACTGT 1658 



Ser 














GTTGCCACAG 


TAGAACTGTC 


T GTGAACAG A 


GAGACCCTTG 


TGGGTCCATG 


CTAACAAAGA 


1718 


CAAAAGTCTG 


TCTTTCCTGA 


ACC AT GTG G A 


T AACTTT ACA 


GAAATGGACT 


GGAGCTCATC 


1778 


TGCAAAAGGC 


C TCTTGT AAA 


GACTGGTTTT 


CTGCCAATGA 


CCAAACAGCC 


AAGATTTTCC 


1638 


TCTTGTGATT 


TCTTTAAAAG 


AATGACTATA 


TAATTTATTT 


CCACTAAAAA 


TATTGTTTCT- 


1698 


GCATTCATTT 


TTATAGCAAC 


AACAATTGGT 


AAAAC TC ACT 


GTGATCAATA 


TTTTTATATC 


1958 


ATGCAAAATA 


TGTTTAAAAT 


AAAATGAAAA 


TTGTATTAT 






"997 



(2) INFORMATION FCR SEC 13 NO: 3: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 4 19 amine acids 

(B) TYP3: amino acid 
(D) TOPCLOGY: linear 

(ii> KOL2CULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ I D NO : 8 : 

Met His Leu Leu Gly Phe Phe Ser Val Ala Cya Ser Leu Leu. Ala Ala 
. : 5 10 - 15 

Ala Leu Leu Pro Gly Pro Arg Glu Ala Pro Ala Ala Ala Ala Ala Phe 

23 25 , 30 

Glu Ser Gly Leu Asp Leu Ser Asp Ala Glu Pro Asp Ala Gly Glu Ala 
35 40 45 

^hr a 1 a Tyr Ala Ser Lys Asp Leu Glu Glu Gin Leu Arg Ser Val Ser 
*" ic 55 .60 



81 
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Ser Val Asp Glu' Leu Met Thr Val Leu Tyr Pro Glu Tyr Trp Lys Ms-' 
65 10 75 EO 

Tyr lys Cys Glr. Leu Arg Lys Gly Sly Trp Gin His Asn Arg Glu Gin 
35 90 95 

Ala Asr. Leu Asr. Ser Arg Thr GIj Glu Thr He Lys Phe Ala Ala Ala 
103 105 110 

His Tyr Asn Thr Glu He Leu Lys Ser He Asp Asn Slu Trp Arg Lys 
115 123 125 

Thr Glr. Cys Met Pro Arg Glu Val Cys He Asp Val Gly Lys Glu Phe 
13C 135 140 

Gly Val Ala Thr Asn Thr Phe Phe Lys Pre Pro Cys Val Ser val Tyr 
L45 ' ' 1SD 155 ' 160 

Arg Cys Gly Gly Cys Cys Asn Ser Glu Gly Leu Gin Cys Met Asn Thr 
155 1"0 I 75 

Ser Thr Ser Tyr Leu Ser Lys Thr Leu Phe Glu :le Thr V-I Pro Leu 
183 185 150- 

Ser Glr. Gly Pro Lys Pr: Val The He Ser Phe Ala Asn His Thr Ssr 
195- 203 205 

Cys Ar= Cys Met Ser Lys Leu Asp Val Tyr Arg Gin Val His Ser lie 
21C 215 220 

He Arc Arg Ser Leu Pre Ala Thr Leu Pro Gin Cys Gin Ala Ala Asn 
225 ' 233 235 240 

Lys Thr Cys Pro Thr Asn Tyr Met Trp Asn Asn His He Cys Arg Cys 
245 - 250 255 

Leu Ala Gin Glu Asp Phe Met Phe- Ser Ser Asp Ala Gly Asp Asp Ser 
263 265 270 

Thr Asp Gly Phe His As- He Cys Gly Pre Asn Lys Glu Leu Asp Glu 
275 " 220 285 

Glu Thr Cys Glr. .Cys Val Cys Arg Ala Gly Leu Arg Pro Ala Ser Cys 
29C 295 300 

Gly ^ro His lys Glu Leu Asp Arg Asn Ser Cys Gin Cys Val Cys Lys 
3C5 313 315 320 

Asn lys Leu Phe Pro Ser Gin Cys Gly Ala Asn Arg Glu Phe Asp Glu 
325 330 335 

Asn Thr Cys Gin Cys Val Cys Lys Arg Thr Cys "Pro Arg Asn Gin Pro _ 
34 3 , i!5 >5 0 

Leu Asn Pro Gly Lys Cys Ala Cys Glu Cys Thr Glu Ser Pro Gin Lye 
355 363 365 

Cys Leu Leu ^ys Gly Lys Lys Phe Kis His Gin Thr Cye Ser Cys Tyr 
37C 375 380 

Arg Arg Pro Cys Thr Asn Arg Gin Lys Ala Cys Glu Pro Gly. Phe Ser 
3E5 393 395 4C0 

Tyr Ser Glu Glu Val Cys Arg Cys Val Pre Ser Tyr Trp Lys Arg Pro 
435 410 415 

Gin Met Ser 



(2) INFORMATION FCR SEC 1= NO: 9: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1? amino acids 

(B) TYPS: ami. no acid 

(C) STRANDEDNESS: Not Relevant 

( D ) TOPCLOGY: linear 

(ii) KOLSCULE TYPE: peptide 
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(xi) 5EQUEKCE DESCRIPTION: S EQ ID NO : 9 : 

Glu G'u Thr lie Lys Phe Ala Ala Ala. His Tyr Asn Thr Glu lie Leu 
! 5. ' ■ '10. -15 

Lys 

(2) INFORMATION FCR SEC I- NO: 10: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 1835 bass pairs 

(B) TYPE: nucleic acid 

(C) STRAN DEDNES 5 : single 

(D) TOPCLOGY: linear ' 

(ii) MOLECULE TYPE: cITHA 

(ix) FEATURE: 

(A) NAME/ KEY: C2S 

(B) LOCATION: 158.. 14 12 

(xi) SEQUEKCE DESCRIPTION: SEQ ID NO: 10: 
GCGGCCGCGT CGACGCAAAA GTTGCGAGCC GCCGAGTCCC GGGAGACGCT CGCCCAGGGG 6 0 

GGTCCCCGGG AGGAAACCAC GGGACAGGGA CCAGGAGAGG ACCTCAGCCT CACGCCCCAG 120 



CCTGCGCCAG CCAACGGACC GGCCTCCCTG CTCCCGGTCC ATCCACC ATG CAC TTG 

Met Kie Leu 



CTG TGC TTC TTG ~ TCT CTG GCG TGT TCC CTG CTC GCC GCT GCG CTG ATC 
Leu Cys Phe leu Ser Leu Ala Cys Ser Leu Leu Ala Ala Ala Leu lie 
5 ID * 15 

CCC AGT CCG CGC GAG GCG CCC GCC ACC GTC GCC GCC TTC GAG TCG GGA 
Pro Ser Pro Arg Glu Alo Pro Ala Thr Va 1 Ala Ala Phe Glu Ser Gly 
2C - 25 30 35 

CTG GGC TTC TCG GAA GCG GAG CCC GAC GGG GGC GAG GTC AAG GCT TTT 
Leu Gly Phe Ser Glu Ala Glu Pr = Asp Gly Gly Glu Val Lys Ala Phe 
% 40 45 50 

GAA GGC AAA GAC CTG GAG GAG CAG TTG CGG TCT GTG TCC AGC GTA GAT 
Glu Gly Lys Asp Leu Glu Glu Gin Leu Arg Ser Val Ser Ser Val Asp 

55 .60 65 

GAG CTG ATG TCT GTC CTG TAC CCA GAC TAC TGG AAA ATG TAC AAG TGC 
Glu leu Met Ser Val Leu Tyr Pre Asp Tyr Trp Lys v et Tyr Lys Cys 
73 75 , . " £0 

CAG CTG CGG AAA GGC GGC TGG CAG CAG CCC ACC CTC AAT ACC AGG ACA 
Gin leu Arg lye Gly Gly Trp Gin Gin Pre Thr Leu AGn Thr Arg Thr 
35 9 3 95 

GGG GAC AGT GTA AAA TTT GCT GCT GCA CAT TAT AAC ACA GAG ATC CTG 
Gly Asp Ser Val Lys Phe Ala Ala Ala His Tyr Asn Thr Glu lie Leu 
ICO 105 HO 115 

.AAA AGT ATT^ GAT AAT GAG TGG AGA AAG ACT CAA TGC ATG CCA ,CGT GAG 
Lys Ser He Asp Asn Glu Trp Arg Lys Thr Gin Cys Xet Pro Arg Glu 
120 125 130 

GTG TGT ATA GAT GTG GGG AAG GAG TTT GGA GCA GCC ACA AAC ACC TTC 
Val Cys He Asp Val Gly Lye Glu Phe Gly Ala Ala Thr Aen Thr Phe 
135 140 145 . 

TTT AAA CCT CCA TGT GTG TCC GTC TAC AGA TGT GGG GGT TGC TGC AAC 
Phe lys Pro Pro Cys Val Ser Val Tyr Arg Cys Gly Gly Cys Cys Asn 
150 155 160 

AGC GAG GGG CTG CAG TGC ATG AAC ACC AGC ACA GGT TAC CTC AGC AAG 
Ser Glu Gly leu Gin Cys Met Asn Thr Ser Thr Gly Tyr Leu Ser Lys 
165 170 175 

ACG TTG TTT GAA ATT ACA GTG CCT CTC TC A CAA GGC CCC AAA CCA GTC 
Thr leu Phe Glu He Thr Val Pr= Leu Ser Gin Gly Pro Lye Pro Val 
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190 155 



TGT GGA GCC AAC AGG GAA TTT GAT GAG AAT ACA TGT CAG TGT GTA TGT 
Cys Gly Ala Asn Arg Glu Phe As? Glu Asn Thr Cya Gin Cys Val Cys 
325 330 335 

AAA AGA ACG TGT CCA AGA AAT CAG CCC CTG AAT CCT GGG AAA TGT GCC 
Lys Arg Thr Cys Pro Arg Asn Gin Pro Leu Asn Pro Gly Lys ^ys Ala 
345 . 350 3-5 



E48 



ACA A"C AGT TTT GCC AAT CAC ACT TCC TGC CGG TGC ATG TCT AAA CTG S00 
-hr lie Ser Phe Ala Asn His Thr Ser Cys Arg Cys Xet Ser Lys Leu 
200 205 * 510 

GAT GTT TAC AGA CAA GTT CAT TCA ATT ATT AGA CGT TCT CTG CCA GCA 
Aep Val Tyr Ar= Gin Val His Ser He He Arg Arg Ser Leu Pro Ala 
215 . 220 225 

ACA TTA CCA CAC- TGT CAC- GCA GCT AAC ' AAG ACA TGT CCA ACA AAC TAT 696 
"hr leu Pro Glr. Cys Gin Ala Ala Asn Lys Thr Cys Pro Thr Asn Tyr 
230 235 240 y 

GTG TGG AAT AAC TAC ATG TGC CGA TGC CTG GCT CAG CAG GAT TTT ATC 944 
Val Trp Asn Asr. Tyr Met Cys Arg Cys Leu Ala Gin Gin Asp Phe -le 
245 250 .255 

"TT TAT TCA AAT GTT GAA GAT GAC TCA ACC AAT GGA TTC CAT GAT GTC S9 2 

Phe Tyr Ser Asr. Val Glu Asp As? Ser Thr Asn Gly Phe His Asp val 
260 265 270 275 

"ST GGA CCC AAC AAG GAG CTG GAT GAA GAC ACC TGT CAG TGT GTC TGC 1C4 0 

Cys Gly Pro Asn Lys Glu Leu Asp Glu Asp Thr Cys Gin Cys Val Cys 
, 230 285 290 

AAG GGG GGG CTT CGG CCA TCT AGT TGT GGA CCC CAC AAA GAA CTA GAT 1CS8 
Lys Gly Gly Leu Arg Pr: Ser Ser Cys Gly Pro His Lys Glu Leu Asp 
295 300 3C5 

AGA GAC TCA TGT CAG TGT GTC TGT AAA AAC AAA CTT TTC CCT AAT TCA 1136 
Arg Asp Ser Cys Gin Cys Val Cys Lys Asn Lys Leu Phe Pro Asn Ser 
310 315 320 



1328 



TGT GAA TGT ACA GAA AAC ACA CAG AAG TGC TTC CTT AAA GGG AAG AAG 
Cve G"u Cyc Thr Glu Asn Thr Gin Lys Cys Phe Leu Lys Gly Lys Lys 
350 365 370 

TTC CAC CAT CAA ACA TGC AGT TGT TAC AGA AGA CCG TGT GCG AAT CC-A 
Phe H J a His Gin Thr Cys Ser Cys Tyr Arg Arg Pro Cys Ala Asn Arg 

375 380 . 3C5 

CTG AAG CAT TGT GAT CCA GGA CTG TCC TTT AGT GAA GAA GTA TGC CGC 137 6 

Leu lys 'His Cys Asp Pr= Gly Leu Ser Phe Ser Glu Glu Val Cys Arg 
390 , 395 

TGT GTC CCA TCG TAT TGG AAA AGG CCA CAT CTG AAC T AAGAT CAT A 1422 
Cys Val Pro Ser Tyr Trr Lys Arg Pro His Leu Asn 
405 410 . * 15 

CCAGTTTTCA GTCAGTCACA GTCATTTACT CTCTTGAAGA CTGTTGGAAC AGCACTTAGC 14 82 

ACTGTCTATG C AC AG AAAG A CTCTGTGGC-A CCACATGGTA ACAGAGGCCC AAGTCTGTGT 15 4 2 
TTATTGAACC ATG TGG ATT A CTGCGGGAGA GGACTGGCAC TCATGTGCAA AAAAAACCTC 
TTCAAAGACT 3GTTTTCTGC CAGGGACCAG AC AGC TG AGG TTTTTCTCTT GTGATTTAAA 

AAAAGAATGA CTATATAATT TATTTCCACT AAAAATATTG TTCCTGC ATT CATTTTTATA 1722 

G C AAT AAC AA TTGGTAAAGC TCACTGTGAT CAGTATTTTT ATAACATGCA AAACTATGTT 17 82 

TAAAATAAAA TGAAAATTGT ATTATAAAAA AAAAAAAAAA AAAAAAAAAA GCTT 18 36 

(2) INFORMATION FCR SEC IS NO: 11: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 415 amin = acids 
{B) TYPS: amino acid 
{ D ) TOPCLOGY: linear 



1602 
1662 
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(ii> KOLSCULE TYPE: protein. 
' (Xi) SEQUENCE DESCRIPTION: SEQ ID NO : U : 
Met Hi. Leu leu Cys Phe Leu Ser Leu Ala cys Ser Leu Leu Ala Ala 

1 5 ,. 10 

Ala leu lie Pro Ser Pre Arg Glu Ala Pre Ala Thr Val Ala Ala Ph.- 



2D 



Glu ser Gly leu Gly Phe S*r Glu Ala Glu Pro Asp Sly Gly GL« V.l 

35 <3 " ^ ' 

Lys Ala Ph. Glu Gly Lys Asp Leu Glu Glu Sin Leu Arg Ser Val Ser 

5C " . 

Ser Val A S p Glu Leu Met Ser Val Leu Tyr Pro Asp Tyr Trp Lys Me, 

65 " , ?S 
Tyr lys Cys Glr. Leu Arg' Lys Gly Sly Trp Sin- Gin Pro Thr Leu Asn 



35 



Thr Arg Thr Gly Asp Ser V.l Ly. Ph. Ala Ala Ala Ki. Tyr Asn *r 



100 105 
Glu He Leu lys ser He Asp Asn Glu Trp Arg Lys Thr Gin" Cys He 

115 ■ 1" 125 

Pro Ar'= Glu v.l cys il. Asp val Gly Lys 3l» Phe sly Ala Al- 
: . I3c' I" • . ,<0 



Asn Thr Phe Pne Lys Pr= Pro Cys Val Ser Val Tyr Arg Cys Gly Gly 
145 153 155 

"Cys Cys Asn Ser Glu Gly Leu Gin Cys Met Asn Thr Ser Thr Gly Tyr 



165 



Leu ser Lys Thr Leu Phe Glu. lie Thr Val Pro Leu Ser Gin Gly Pro 

180 185 
Lys Pro val Thr He ser Phe Ala Asn His Thr Ser Cys Arc, Cys He-- 

195 ' 200 

Ser Lys Leu Asp Val Tyr Ar, Gin Val His Ser lie He Ar, Ar, Ser 



210 



215 



Leu 
225 



»„ Ala Thr Leu'Prs Gin Cys Gin Ala Ala A.n. Lya .Thr Cys Pro 
233 . * 3j 

"hr Asn Tyr Val Trp Asn Asn Tyc Met Cys Arg Cys Leu Ala Gin Gin 
245 250 

Asp Phe lie Phe Tyr ser Asn v.l Glu Asp Asp Ser Thr Asn Gly Phe 

26D ^ 65 
His Asp val cys Gly Pre Asn Lys Glu Leu Asp Glu Asp Thr Cys Gin 



275 



26 0 



Cys Val Cys lys Gly Gly Leu Arg Pro G.c Ser Cys Gly Pro His Lys 

29C 2 95 3"° 

Glu leu Asp *r B Asp Ser Cys Gin Cys Val Cys Lys Asn Lys Leu Phe 
3C5 3"- = 

Pro Asr. Ser cys Gly Ala Asn Ar 9 Glu Phe Asp Glu Asn Thr cys Gin 



3 25 



cys v.l eye lys Arg The Cys Pr = A>| Asn Gin Pro Leu Asn Pro Gly 



343 



Lys Cys Ala Cys Glu Cys Thr Glu Asn Thr Sin Lys Cys Phe Leu Ly. 

355' 360 

Gly Lys Lys Phe His His Gin Thr Cys Ser Cy, Tyr Ar, Arg Pro Cys 

370 375 

, .... t v » h^s "vs Asr, Pro Gly Leu Ser Phe ser Glu Glu 

Ala Asn Arg Leu Lys H^s wys as? r- 395 400 

385 393 
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V*l Cve Ato Cys Vol Pre Ser Tyr Trp Lys Arg Pro Kis Leu Asr. 

4 35 4 TO 4 15 



(2) III FORKAT ION FCR SEC. II NO: 12: 

(i) SEQUENCE CHARACTERISTICS: 

. (A) LENGTH: 17<l base pairs 

(B) TYPE: nu=leic acid 

(C) STRA1JDEDNESS: single 

(D) TOPCLOGY: linear 



(ii) KOLECULE TYPE: C^TIA 

(ix) FEATURE: 

(A) NAME / KEY : C3S 

(B) LOCATION: C53..1706 



(Xil SEQUENCE DESCRIPTION! SEQ ID NO: 12: 








GCCCCCGCCG 


AGCGCTCCGC 


GCGCAGCCGC 


CGC-GCCGGGC 


CGGCCCGCGG 


AGGGCGCGCT 


60 


GCGA.GC3GCC 


ACTGGGTCCT 


GCTTCGCTCC 


TTCCTCTCCC 


TCCTCCTCCT 


CCTCCTTCTC 


120 


TCTGCGCTTT 


CCACCGCT CC 


CGAGCGAGCG 


CACGCTCGGA 


TGTCCGGTTT 


CCTGGTGGGT 


180 


TTTTTACCTG 


3CAAAGTCCG 


C-ATAACTTCG 


GTGAGAATTT 


GCAAAGAGGC 


TGGGAGCTCC 


240 


CCTGCAGGCG 


TCT GGG AG CT 


GCTGCCGCCG 


TCGCATCTTC 


TCCATCCCGC 


GGATTTTACT 


300 


GCCTTGGATA 


TTGCGAGGGG 


AGGGAGGGGG 


GTGAGGACAG 


CAAAAAGAAA 


GGGGTGGGGG 


360 


GGGGGAGAGA 


AAAGGAAAAG 


AAGGAGCCTC 


GGAATTGTGC 


CCGCATTCCT 


GCGCTGCCCC 


420 


GCGGCCCCCC 


TCCGCTCTGC 


CATCTCCGCA 


CA ATG CAC 
Hei Kis 


TTG CTG GAG ATG CTC 
Leu Leu Glu Xet Leu 


473 



"CC CTG GGC TGC TGC CTC GCT GCT GGC GCC GTG CTC CTG GGA CCC CGG 
Ser "eu Gly Cys Cys Lej Ala Ala Sly Ala Val Leu Leu Gly Pro Arg 
13 15 20 

CAG CCG CCC GTC GCC GCC GCC TAC GAG TCC GGG CAC GGC TAC TAC GAG 
Gin ^ro Pro Val Ala Ala Ala Tyr Glu Ser Gly His Gly Tyr Tyr Glu 
25 3D 35 

GAG GAG CCC GGT GCC GGG GAA CCC AAG GCT CAT GCA AGC AAA GAC CTG 
' Glu G'u Pro Gly Ala Gly Glu Pre Lys Ala His Ala Ser Lys Asp Leu 
4C 45 50 55 

GAA GAG CAG TTG CGA TCT GTG TCC AGT GTG GAT GAA CTC ATG ACA GTA 
Glu G"u Gin leu Arg Ser Val Ser Ser Val Asp Glu Leu Met Thr Val 
63 65 70 

CTT TAC CCA GAA TAC TGG AAA ATG TTC AAA TGT CAG TTG AGG AAA GGA 
Leu Tyr Pro Glu Tyr Tr= Lys Met Phe Lys Cys Gin Leu Arg Lys Gly 
75 eo ' 

GGT TGG CAA CAC AAC AGG GAA CAC TCC AGC TCT GAT ACA AGA TCA GAT 
Gly Trp Gin His Asn Arg Glu His Ser Ser Ser Asp Thr Arg Ser Asp 
93 95 100 

GAT TCA TTG AAA TTT GCC GCA GCA CAT TAT AAT GCA GAG ATC CTG AAA 
Asp Ser Leu lys Phe Ala Ala Ala Kis Tyr Asn Ala Glu He Leu Lys 
105 1^0 115 

AGT A"T GAT ACT GAA TGC- AGA AAA ACC CAG GGC ATG CCA CGT GAA GTG 
Ser I"e Asp Thr Glu Tr= Arg Lys Thr Gin Gly Met Pro Arg Glu Val 
12 0 125 130 , 135 

™GT GTG GAT TTG GGG AAA GAG TTT GGA GCA ACT ACA AAC ACC TTC TTT 
Cvs Val Asp Leu Gly Lys Glu Phe Gly Ala Thr Thr Asn Thr Phe Phe 
140 150 

AAA CCC CCG TGT GTA TCC ATC TAC AGA TGT GGA GGT TGC TGC AAT AGT 
* Lvs Pro Pro Cys Val Ser lie Tyr Arg Cys Gly Gly Cys Cys Asn Ser 
155 160 165 
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GAA GGA C1C CAS TGT ' ATC- AAT ATC AGC AC A AAT TAC ATC ASC AAG AC A 
Glu Gly* Leu Glr. Cya Met Asn lie Ser The Asn Tyr lie Sdr Lye Thr 
170 175 180 

TTG TTT GAG ATT ACA GTG CCT CTC TCT CAT GGC CCC AAA CCT GTA AC A 
Leu Phe Glu He Thr Val Pro Leu Ser His Gly Pro Lye Pro Val Thr 
185 190 195 

GTC AGT TTT GCC AAT CAC ACG TCC TGC CGA TGC ATG TCT AAG TTG GAT 
Val Ser Phe Ala Asn His Thr Ser Cyo Arg Cys Me- Ser Lys Leu Asp 
2C0 205 210 215 

GTT TAC AGA CAA GTT CAT TCT ATC ATA AGA CGT TCC TTG CCA GCA ACA 
Val Tyr Arg Glr. Val His Ser lie lie Arg Arg Ser Leu Pro Ala Thr 
220 225 230 

CAA ACT CAG TGT CAT GTG GCA AAC AAG ACC TGT CCA AAA AAT CAT GTC 
Gin Thr Gin Cys His Val Ala Asn Lys Thr Cys Pro Lys Asn His Val 
235' 240 245 

TGG AAT AAT CAG ATT TGC AGA TGC TTA GCA CAG CAC GAT TTT GGT TTC 
Trp Asr. Asn Glr. He Cya Arg Cys Leu Ala Gin His Asp Phe Gly Phe 
250 255. 260 

TCT TCT CAC CTT GGA GAT TCT GAC ACA TCT GAA GGA TTC CAT ATT TGT 
Ser Ser His Leu Gly- Asp Ser Asp Thr Ser Glu Gly Phe His He Cys 
265 * 270 275 

GGG CCC AAC AAA GAG CTG GAT GAA GAA ACC TGT CAA TGC GTC TGC AAA 
Gly Pro Asn Lys Glu Leu Asp Glu Glu Thr Cys Gin Cys Val Cys Lys 
280 .285 290 2S5 

GGA GGT GTG CGG CCC ATA AGC TGT GGC CCT CAC AAA GAA CTA GAC AGG 
Gly Gly Val Arg Pro lie Ser Cys Gly Pre Kis Lya Glu Leu Asp Arg 
330 305 310 

GCA TCA TGT CAG TGC ATG TGC AAA AAC AAA CTG CTC CCC AGT TCC TGT 
Ala Ser Cys Glr. Cya Met Cys Lys Asn Lys Leu Leu Pro Ser Ser Cys 
315 320 325 

GGG CCT AAC AAA GAA TTT GAT GAA GAA AAG TGC CAG TGT GTA TGT AAA 
Gly Pro Asn Lys Glu Phe Asp Glu Glu Lys Cys Gin Cys Val Cys Lys 
330 335 340 

AAG ACC TGT CCC AAA CAT CAT CCA CTA AAT CCT GCA AAA TGC ATC TGC 
Lys Thr Cya Pro Lys His His Pro Leu Asn Pro Ala Lys Cya He Cys 
345 350 35S 

GAA TGT ACA GAA TCT CCC AAT AAA TGT TTC TTA AAA GGA AAA AGA TTT 
Glu Cys Thr Glu Ser Pr; Asn Lys Cys Phe Leu Lys Gly Lys Arg Phe 
3£0 365 370 375 

CAT CAC CAG ACA TGC AGT TGT TAC AGA CCA CCA TGT ACA GTC CGA ACG 
His His Gin Thr Cys Ser Cys Tyr Arg Pre Pro Cys Thr Val Arg Thr 
330 385 390 

AAA CGC TGT GAT GCT GGA TTT CTG TTA GCT GAA GAA GTG TGC CGC TGT 
Lys Ara Cys Asp Ala Gly Phe Leu Leu Ala Glu Glu Val Cys Arg Cys 
395 400 405 

GTA CGC ACA TCT TGG AAA AGA CCA CTT ATG AAT TAAGCGAAGA AAGCACTACT 
Val Arg Thr Ser Trp Lys Arg Pro Leu Met Asn 
410 415 

CGC TAT AT AG TGTCG 



(2) INFORMATION FCR SEC. 13 NO: 13: 

(i> SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 418 amine acids 

(B ) TYPE: amino acid 
(D) TOPOLOGY: linear 

(ii) KOLSCCLE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:13: 

Met His Leu Leu Glu Hat Leu Ser Leu Gly Cys Cys Leu Ala Ala Gly 
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Ala Vol Leu leu Gl-y Pr: Arg Gin Pro Pre Val Ala Ala Ala Tyr Glu 
23 '25 30 

sar Gly His Gly Tyr Tyr Glu* Glu Glu Pre Gly Ala 3ly Glu Pro Lys 
35 O 45 

Ala His Ala Ser Lys As= Leu Glu Glu Gin Leu Arg Ser v-1 £er Se.- 
5C 55 60 

Val Asp Glu Leu Met Thr Val Leu Tyr Pre Glu Tyr Trp Lys Met Phe 
£5 73 75 60 

Lys Cys Gin Leu Arg Lys Gly Gly Trp Gin Kis Asn Arg Glu Kis Ser 
35 90 95 

Ser Ser Asp Thr Arg Ser Asp Asp Ser Leu Lys Phe Ala Ala Ala His 

103. 105 HO 

"yr Asr Ala Glu He Leu Lys Ser He As? Thr Glu Trp Arg Lys Thr 
115 '123 125 

Gin Gly Met Pro Arg Glu Val' Cys Val As? Leu Gly Lys Glu Phe Gly 
13C 135 140 

Ala Thr Thr Asr. Thr Phe Phe Lys Pre. Pre Cys Vol Ser He Tyr Arg 
145 153 155 1«0 

evs Glv Gly Cys Cys Asn Ser Glu Gly Leu Gin Cys Xet Asn He Ser 
. 155 170 . 175 

"fcr Asr. Tyr He Ser Lys Thr Leu Phe Glu He Thr Val Pro Leu Ser 
180 185 . :so 

His G'y Pro Lys Pro Val Thr Val Ser Phe Ala Asn Kis Thr Ser Cys 
195 203 , 205 

Arg Cys Met Ser Lys Leu Asp Vol Tyr Arg Gin Val Kis Ser He He 
21C 215 - 220 ■ 

Arg Am Ser Leu Pro Ala Thr Gin Thr Gin Cys His Val Ala Asn Lys 
225 ' 230 235, ^ 240 

"hr Cys Pro Lys Asn His Val Trz Asn Asn Gin He Cys Arg Cye Leu 
245 250 255 

Ala G'r. His Asp Phe Gly Phe Ser Ser His Leu Gly Asp Ser Asp Thr 
263 265 270 

Ser Glu Gly Phe His He Cys Gly Pro Asn Lys Glu Leu Asp Glu Glu 
275 283 285 

Thr cys Gin Cys Val Cys Lys Gly Gly Val Arg Pro He Ser Cys Gly 
29C 295 300- 

Pro H ; s Lys Glu Leu Asc Arg Ala Ser Cys Gin Cye Xet Cys Lys Aen 
3C5 313 ' 315 '320 

Lys Leu Leu Pro Ser Ser Cys Gly Pro Asn Lys Glu Phe Asp Glu Glu 
325 330 - 335 

Lys Cys Gin Cys Val Cys Lys Lys Thr Cys Pro Lys Kis Kis Pro Leu 
343 345 350 

Asn Pro Ala Lys Cys He Cys Glu Cys Thr Glu Ser Pro Asn Lys Cys 
355 363 365 

Phe Leu Lys Gly Lys Arg Phe His Kis Gin Thr Cys Ser Cye Tyr Arg 
37C - . 375 3B0 

Pro Fro Cys Thr Val Arg Thr Lys Arg Cys Asp Ala Gly Phe Leu Leu 
3S5 393 - 395 400 

Ala Glu Glu Val Cys Arg Cys Val Arg Thr Ser Trp Lys Arg Pro Leu 
405 410 415 . 



Mat Asn 
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(2) ITI FORK AT I OK FOR SEC I- NO: 14: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 10 anino acids' 

(B) TYPE: anino acid 

(C) STRANDEDNES3: Not Relevant 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: peptide 

(xi) SEQUENCE "DESCRIPTION: SEQ ID NO: 14: 

Ala Vol Vol Met Thr Gin Thr Pr = Ala Ser 

1 5 .10 



(2) INFORMATION FCR SEC I- NO: 15: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH : 22 base pairs 

(B ) TYPE: nu=ieic acid 

(C) STRAHDEDNES 5 : single 
{D) TOPOLOGY : linear 

(ii) MOLECULE TYPE: cCHA 

(xi) SEQUENCE DESCRIPTION: SEQ ID SO:l5: 
TCTCTTCTGT GCTTGAGTTG AG 



(2)~ INFORMATION FCR SEC ID NO: 16: 

(i> SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 base pairs 

(B) TYPE: nu=leic acid 

(C) STRAHDEDXESS: single 
{D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: cDUA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:l' 
TCTCTTCTGT CCCTGAGTTG AG 



(2) INFORMATION FCR SEC I- NO: 17: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 55 base pairs 

(B) TYPE: nucleic acid 

(C) STRAKDEDNESS: single 

(D) TOPCLOGY T linear 

(ii) MOLECULE TYPE: c3NA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:17: 
TGTGCTGCAG CAAATTTTAT AGTCTCTTCT GTGGCGGCGG CGGCC-GCGG3 CGCCTCGCGA 



(2) INFORMATION FCR SEC 13 NO: 18 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 30 case pairs 

(B) TYPE: nu=leic acid 

(C) STRANDEDNESS: .single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: cDNA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 1 8 : 



CTGGCAGGGA ACTGCTAATA ATSGAATGAA - 
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(2) INFORMATION FCR SEC 1= NO: 19: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 34 base pairs , 

f b ) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) KOLZCCLE TYPE: cT-NA 

{xi) SEQUENCE DESCRIPTION: SEQ ID NO: 19: 
G3GCTCCGCG TCCSAGAGGT CGAGTCCGGA CTCGTGATGG TGATGGTGAT GGGCGGCGGC 
GGCGGCSGGC GCCTCGCGAG GACC 

(2) INFORMATION FCR SEC 1Z NO: 20: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 31 base pairs 

(B) TYPE: nucleic acid 

(C) STRAW DEDNESS: single > 

(D) TOPOLOGY: linear 

(ii) KOLZCCLE TYPE: cDHA 

<xi) SEQUENCE DESCRIPTION: SEQ ID NO: 20: 
GTATTATAAT GTCCTCCACC AAATTTTATA G 

(2) IK FORKAT ION FCR SEC 13 NO: 21: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 9 3 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDSESS: single 

(D) TOPCLOGY: linear 

(ii) KOLSCCLE TYPE: c-HA 

(xij SEQUENCE DESCRIPTION: SEQ ID NO:21: 
GTTCGCTGCC TGACACTGTG GTAGTGTTGC TGGCGGCCGC TAGTGATGGT GATGGTGATG 
AATAAT3GAA TGAACTTGTC TGTAAACATC CAG 

(2) INFORMATION FCR SEQ 1^ NO: 22: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) KOLSCCLE TYPE: cT.HA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 22: 
CATGTACGAA CCGCCAGG 

(2» IN FORKAT ION FCR SEC I- NO: 23: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 
- ' (D) TOPCLOGY: linear 

(ii) MOLECULE TYPE*. cONA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 2 3 : 



AATGACCAGA GAGAGGCGAG 
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(2» INFORKATIOK FCR SEC IZ NO: 24: 

<i> SEQUEKCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DMA (genomi:) 
(xi) SEQUEKCE DESCRIPTION: SEQ ID NO:2<l: 
GCCACG3TAG GTCTGCGT 

(2) INFORKATIOK FCR EEC 13 NO: 25: 

(i) SEQUENCE CKARACTERIST ICS : 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

<ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUEKCE DESCRIPTION SEQ ID NO: 25: 
TTTCTTTGAC AGGCTTAT 

(2) If I FORMAT ION FCR SEC 13 NO: 26: 

(i) SEQUEKCE CHARACTERISTICS: 

(A) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDKESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DMA (genomi:) 
(xi) SEQUEKCE DESCRIPTION : SEQ ID NO:26: 
ATCTTGAAAA GTAAGTAT3G G 

(2) INFORMATION FCR SEC IS NO: 27 : 

(i) SEQUEKCE CHARACTERISTICS : 

(A) LENGTH: 20 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(Xi) SEQUENCE DESCRIPTION: SEQ ID NO:27: 
ATGACTTGAC AGGTATTGAT 

(2) IN FORMAT IOK FCR SEC 13 NO: 28: 

(i> -SEQUEKCE CHARACTERISTICS: 

(A) LENGTH: 20 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUEKCE DESCRIPTION: SEQ ID NO:28: 
AGCAAGACGG TGGSTATTGT 

(2) INFORMATION FCR SEQ ID NO: 29: 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 22 base pairs 
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IB) TYPE: nucleic acid 
(C) STRA1JDEDNESS: single 
■(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic ) 

(xi) SEQUENCE DESCRIPTION: SEQ ID MO: 29: 

CCCTTCTTTC- TAGTTATTTG AA 



( 2 \ INFORMATION FCR SEC 13 NO: 30 : 

(i) SEQUENCE CHARACTERISTICS: 
(A) LENGTH: 2 0 base pairs 
/B) TYPE: nucleic acid 

(C) STRAHDEDSESS: single 

(D) TOPCLOGY: linear 

(ii) KOLZCL'LE TYPE: DMA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 30: 
CCAC AGTGAG TATC-AATTAA 



(2) ITIFORKATIOK FCR SEQ 13 NO: 3".: 

(if SEQUEKCE CHARACTERISTICS: 

(A) LENGTH : 18 base pairs 

(B) TYPE: nucleic acid 

(C ) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DMA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 31: 
7TCTTCCAAA GGTGTCAG 



(2) INFORMATION FCR SEQ I- NO: 32 : 

(i) SEQUEKCE CHARACTERISTICS: 

(A) LENGTH: 18 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(Xi) SEQUENCE DESCRIPTION: SEQ ID NO: 32: 
GGAGATGGTA GCAGAATG 



(2) INFORMATION FCR SEC IS NO: 33:' 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 23 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE : DMA (genomic") 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 33: 
CTATTTGTCT AGACTCAACA GAT 



(2) III FORMAT ION FCR SEC 13. NO: 34: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 2 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

( D ) TOPOLOGY : linear 
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(ii) MOLECULE TYPE : DNA (genomic:) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO:34: 
CAAACATGCA GGTAAGAGAT CC 



(2) It J FORK AT ION FCR SEC I- NOi35: 

(i) SEQUENCE CHARACTERISTICS: 

fA) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNES5: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DMA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 35: 
TGTTCTCCTA GCTGTTACAG A 

(2) INFORMATION FCR SEC 13 NO: 36: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 4 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION J SEQ ID NO: 36: 
GGCGAGGTCA AGGTAGGTGC AAGG 



{2) INFORMATION FCR SEC I- NO: 3^: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 26 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO:37: 
ATTGTCTTTG ACAGGCTTTT TGAAGG 



(2) INFORMATION FCR SEQ ID NO: 38 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 21 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS:- single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO:38: 
GAGATCCTGA AAASTAAGTA G 



(2) INFORMATION FCR SEQ ID NO: 39: 

<i> SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 2 4 base pairs 

(B) TYPE : nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 39: 
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TGTGACTCGA CAG3TA.TT3A TART 



(2 i INFORMATION FCR SEC 13 NO: 40: 

fi) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 "case pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 
<D) TOPCLOGY: linear 

<ii) MOLECULE TYPE: DMA (gsnomiz) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 40: 

CTCAGCAAGA CGGTAGGTAT 



( 2 } INFORMATION* FCR SEC I- NO:41: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 25 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS : single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
- ■ (xi) SEQUENCE DESCRIPTION: SEQ ID NO: 41: 
TTGTCCCTTG TAGTTGTTTG AAATT 



(2) IN FORKAT ION FCR SEC 12 NO: 42: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 20 base pairs 

(B) TYPE: nucleic acid 

(C) S TRAM DEDN ESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 42: 
ACATTACCAC AGTC-AGTATG 



(2) INFORMATION FCR SEC IS NO: 43: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 26 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic ) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 43: 
GTCTCCCCAA AAGGTGTCAG GCAGCT 



(2) INFORMATION FCR SEC II> NO: 44 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 3 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 
(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 4 
AATGTTGAAG ATGGTAAGTA AAA 



(2) INFORMATION FCR SEC I- NO: 45: 
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(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 16 base pairs 

(B) TYPE: nucleic acid 

* (C) STRANDEDNESS : single 

(D) TOPCLDGY: linear 

(ii)' MOLECULE TYPE: DMA (qenomi:) 

(xi) SEQUENCE DESCRIPTION SEQ ID NO: 45: 

TCTAGACTCA ACCAAT 

(2) 113 FORMAT ION FCR SEC I~ NO: 46 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 22 base caire 

(B) TYPE: nucleic acid 

(C) STRAHDEDNESS : single 

(D) TOPCLDGY: linear 

(ii) MOLECULE TYPE: DMA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 46: 
CAAACATGCA GGTAAGGAGT GT 

(2) INFORMATION FCR SEC I- NO: 17: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 2 4 case pairs ' 

(B) TYPE: nucleic acid 

(C) STRAHDEDNESS: single 

( D ) TOPOLOGY : - 1 ine ar 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:47: 
TTTTCCCCTA GTTGTTACAG AAGA 

(2) INFORMATION FCR SEQ 1= NO: 48: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH : 2991 base pairs 

(B) TYPE: nucleic acid 

(C) STRANDEDSESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: DNA (genomic) 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 48: 
GTTTTAAGTA GAGACGGGGT TTCACCAACG GTTGAAAATA 
ATGGACGGTG TTAGCTAGGA TGGTCTCGAT CTCCTGACCT 
CTCCCAAAGT GCTGGGATTA CAGGCGTGAG CCACCGTGTC 
AACTACTGCA TGATTGTTTT TGGAGACCTT TTTTTTATTC 
TTTCTGACTC AAAGTATAGC AGCAGGAAGA TAACACTTTT 
CAGCTTACTG CTGTATTTAA ATGAAACAGT AGTTAATATG 
TATTTTGAGT TTGTTGATTT TCCAGTCTTC ACCCGCTGCT 
TGCCTGTGTT TCTCAATTTT GTTTGCCTAT TAG AATC CTG 
TTAGACCAGT TAAGCCAGAA AGGCAGAAGG TGTACTCAAG 
CCTTTTGTGA TGCCAAGTGC AAT CAAAGTT TAG AATC ATT 
GGAAACTCCA CCTTCTATTC AAATCCTACC CCAGTCTGCC 
AGATCTATCA ATGTCTGAAG ATAAC TATGG CAGGCTGATC 



TTTATCATGG 
CATGATCCAC 
CGACCAACCT 
AAATAAATTT 
GTGAGAAAAA 
ATATTAATAT 
AGGCCTGTGG 
ATGTCCAAGC 
CATCTGTTTT 
GTAATAGCAA 
CTTAGCTGTT 
AAATATGCAT 



TCTCCCTAAG 

CCGCCTCGGC 

TAAGACAAAC 

TTGCC AGCAT 

AGTTTGAATA 

ATTTTGGATA 

GTGTTGGAAA 

CTTACTCCAG 

T TC AAAATC T 

ATGGTTGAAT 

CTCTTTTCAC 

AGAGC AGGAA 



60 . 
120 
180 
240 
30 0 
360 

420 

480 

540 

600 

660 

720 
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780 
E40 
500 
S60 



.200 
.260 
L520 
1280 



GACAGCAAGA GAGTGATACA CTGACCATGT TCCAAATCAC AAAACATCTC AACAGGCTAG 
ATCATGSACC GAGTCTGATG GGATG3AATT TCATAAAGAT ACATAAAAAA GCATCTTGGA 
TACAG7AAAC TTAACTCCAC AAATACAGGG GAATTTAGAC GTGACTAAGT AGCAGTACAT 
ATGAAAAATT ATTC-AGGAAT TTTGTTGACT TTAAGGGTAG COTGAGTCAA CACTGTGATT 

7GGGTGCCAG AAAATAAACT CAATCCAAGG CTGTATCAAC AAAGC-CATAC TGTCCATTCT 1C2 0 

GCATGCTCAT TACAGCACTA AGTACCGAC-C CATGTTCTCA ACCGCATACT TCATGAACAT 1C8 0 

GGAAAGCTAA CAGTATGGTT AAGGGGGGAA ACTGGAACTG TCA7CTTGGG GAATAAAAGG . 1140 
GATATTTAGC CAGGAGTAAA GTTAGCTTAG GGAGACCATG ATAAATATTT T C AAAAT AT T 
TGAAGGACTC AGTTGTGGAA GTGAGATTAG ATTTATTGTG T AAAACT CCA GGAGTCAAAA 
GCAATAGAGA GA7AGAAGGA AATGCTTTTC AGCAGTGTTG CTCATCAATA AAGGGAGTGA 
ACAGCCACAC AGAATGGAAG GTTCCCTGTC CTTTGAGATA 7TTAAGCCTT CAAGTAAAT1 

ATGSGTGAGG AGTTTCAAAT CTAGA3TTGA ACCAGATAAG AAAGTCTCTT CTTCCGGTAA 144 0 

GATATTATGG ACCTATAACA TCTG7GTACT TAAAAGTAGA_ TTGGGAGTGA AAGGC AC- AC T 1^00 

TTTGATGTTC TGTACACTGT TGAAACCCCT TAGCGTGGTC CTCTGTAACC TGCTCACCCT 1560 

GCCCCAAGGA GGCAGCTAGC CAATGCCACC AGCCCAACGG AAACCCCAGT GCTTTTCCAA 1620 

TGGGGAAATG CAGTCACTTT TCTTTGGATG CTACACATCC TTTCTGGAAT ATGTCTCACA 168 0 

CACATCTCTC TTTATCACCC CCTTTTTCAA GTAAACCAAC "TCTTGCAGA AGCTGACAAT 17 4 0 

■ GTGTCTCTTT ACTCTCCACG AAGATTCTGG CCCTTCTCTT CACCTGTCAS AAGTTTAGGA 160 0 

7TCCAAAGGG ATCATTAGCA TCCA7CCC AA CAGCCTGCAC 7GCATCCTGA GAACTGCGGT 1E6 0 

7CTTGGATCA TCAGGCAACT TTCAACTACA CAGACCAAGG GAGAGAGGGG ACCCCTCCGA 192 0 

GGTCCCATAG 3GCTCTCTGA CATAGTGATG ACCTTTTTCC AAACTTTGAG CAGGGCGCTG 198 0 

GGGGCCAGGC GTGCGGGAGG GAGGACAAGA ACTCGGGAGT GGCCGAGGAT AAAGCGGGGG 2C4 0 

CTCCCTCCAC CCCACGG7GC CCAGTTTCTC CCCGCTGCAC GTGGTCCAGG GTGGTC3CAT 2100 

CACCTCTAAA GCC5GTCCCG CCAACCGCCA GCCCCGGGAC TGAAC TTGC C CCTCCGGCCG 2160 

CCCGCTCCCC GCAGGGGACA GGGGCGGGGA GGGAGAGATC CAGAGGGGGG CTGGGGGAGG 2 220 

TGGGGCCGCC GGGGAGGAGG CGAGGGAAAC GGGGAGCTCC AGGGAGACGG CTTCCGAGGG 2 28 0 

' AGAGTGAGAG GGGAGGGCAG CCCGGGCTCG GCACGCTCCC TCCCTCGGCC GCTTTCTCTC 2 340 

ACATAAGCGC AGGCAGAGGG CGCGTCAGTC ATGCCCTGCC CCTGCGCCCG. CCGCCGCCGC 2 4 00 

CGCCGCCGCT CAGCCCGGCG CGCTCTGGAG GATCCTGCGC CGCGGCGCTC CCGGGCCCCG 2 4 60 

CCGCCGCCAG CCGCCCCGGC GGCCCTCCTC CCGCCCCCGG CACCGCCGCC AGCGCCCCCG 252 0 

CCGCAGCGCC CGCGGCCCGG CTCCTCTCAC TTCGGGGAAG GGGAGGGAGG AGGGGGACGA 258 0 

GGGCTCTGGC GGGTTTGGAG GGGCTGAACA TCGCGGGGTG TTCTGGTGTC CCCCGCCCCG 2 64 0 

CCTCTCCAAA AAGCTACACC GACGCGGACC GCGGCGGCGT CCTCCCTCGC CCTCGCTTCA 2 7 00 

CCTCGCGGGC TCCGAATGCG. GGGAGCTCGG ATGTCCGGTT TCCTGTGAGG CTTTTACCTG 27 6 0 

ACACCCGCCG CC7TTCCCCG GCACTGGCTG GGAGGGCGCC CTGCAAAGTT GGGAACGCGG 2 62 0 

AGCCCCGGAC CCGCTCCC3C CGCC7CCGGC TCGCCCAGGG GGGGTCGCCG GGAGGAGCCC 268 0 

GGGGGAGAGG GACCAGGAGG GGCCCGCGGC CTCGCAGGGG CGCCCGCGCC CCCACCCCTG . 29 4 0 
CCCCCGCCAG CGGACCGGTC CCCCACCCCC GGT CC TT CCA CCATGCACTT G 

(2) rilFORKATIOK FCR SEC I- NO:49: 



2991 



Ill 
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fi) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 base pairs 

(B) TYPE: nucleic acid 

(C) STRAI3DEDNESS: single 

(D) TOPOLOGY: linear 

(ii) MOLECULE TYPE: cINA 

(xi) SEQUENCE. DESCRIPTION: SEQ ID NO:49: 
CACGGCTTAT GCAAGCAAAG 

(2) IW FORMAT ION FCR SEC I~ NO: 50: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 2 0 base pairs 

(B) TYPE: nucleic acid 
(C> STRANDEDNESS: single 
(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: cDNA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:50: 
AACACAGTTT TCCATAATAG 

(2) m FORK AT ION FCR SEC I- NO: 51: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 19 aninb acids 

(B) TYPE: anino acid 

(C) STRANDEDNESS : Not Relevant 

(D) TOPCLOGY: linear 



(ii) MOLECULE TYPE: peptide 

(Xi) SEQUENCE DESCRIPTION: SEQ ID SO:51: 

Leu Ser Lys Thr Val Ser Sly Ser Glu Gin Asp Leu Pro His Glu Leu 
5 10 15 

His Val Glu 

(2) INFORMATION FCR SEQ I- NO: 52: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 25 base pairs. 

(B) TYPE : nuzleic acid 

(C) STRANDEDNESS: single 

(D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: C2HA 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO : 52 : 
GACGGACACA GATGGAGGTT TAAAG 

(2) INFORMATION FCR SEQ 13 NO: 53: ^ * 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 196 amine acids 

( B ) TYPE: amino acid 

(C) STRANDEDNESS: Not Relevant 
^D) TOPCLOGY: linear 

(ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO:53: 

Met Ar = Thr Leu Ala Cys Leu Leu Leu Leu Gly Cys Gly Tyr Leu Ala 
5 L0 15 

His Val Leu Ala Glu Glu Ala Glu He Pre Arg Glu Val lie Glu Arg 

20 25 30 ■ 
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Leu A* * Arg Sec G Ln Tie His Sec He Arg Asp Leu C-ln Arg Leu Leu 
3S «- ^ . 

Glu re Asp Ser Val Gly Ser Glu Asp Sec Leu Asp Thr Ser Leu Arg 
30 55 SO 

Ala His Glv val His Ala Thr Lys His Val Pro Glu Lys Arg Pro Leu 
65 " ?0 75 8C ' 

Pro He Arg Arc: Lys Arg Scr lis Glu Glu Ala Val Pro Ala Val Cys 
85 90 55 

Lys Thr Arg Thr Val lie Tyr Glu He Pre Arg Ser Gin Val Asp Pro 
103 105 110 

Trr Ser Ala Asr. Phe Leu He Trp Pro Pre Cys val 31u val Lys Arg 

. " 115 . 120 • 125 

Cyc Thr Gly Cys Cys Asn Thr Ser Ser Val Lys Cye Gin Pro Ser Arg 
13C 135 ^0 

V-l H'a His Ar= Ser'Val Lys Val Ala Lys Val Glu Tyr Val Arg Lys 
145 150 155 - -t0 

Lys ?rn Lys Leu Lys Glu Val Gin Val Arg Leu Glu Glu His Leu Glu 
155 170 175 



Leu Asn Pre Asp Tyr Arg Glu Glu Asp 



Cys Ala Cys Ala Thr Thr Ser 



Thr Asp Val Arg 
195 



(2) INFORMATION FCR SEC 13 HO: 54: 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 241 amine ecids 

(B) TYPE: anino acid 

(C) STRAIJDEDNESS: Not Relevant 

(D) TOPOLOGY: linear, 

(ii> KOLECULE TYPE: protein 

. <xi) SEQUENCE DESCRIPTION: SEQ ID. NO: 54: 

Met Asn Arg Cys Trp Ala Leu Phe Leu Ser Leu Cys Cys Tyr Leu Arg 
5 10 15 

Leu Val Ser Ala Glu Gly Asp Pr= He Pre Glu Glu Leu Tyr Glu Met 
20 25 3C 

Leu Ser Asp His Ser He Arg Ser Phe Asp Asp Leu Gin Arg Leu Leu 
35 45 

His G-y Asp Pro Gly Glu Glu Asp Gly Ala Glu Leu Asp Leu Asn Met 
50 55 • 60 

• -* rr Arc Ser His Ser Gly Gly Glu Leu Glu Ser Leu Ala Arg Gly Arg 
65 ' ' ' 7-0 75 8C 

Arg Ser Leu Gly Ser Leu Thr He Ala Glu Pro Ala Met He Ala Glu 
85 90 95 

Cvs 'vs Thr Ar= Thr Glu Val Phe Glu He Ser Arg Arg Leu He Asp 
103 105 HO 

Arg Thr Asn Ale Asn Phe Leu Val Trp Pro Pro Cys Val Glu Val Gin 
115 123 125 

Arg Cys Ser Gly Cys Cys Asn Asn Arg Asn Val Gin Cys Arg Pro Thr 
nc ' 135 :<o 

Gin Val Gin Leu Arg Pre Vol Gin Val Arg Lys He Glu He' Val Arg 
145 . !53 , 155 -60 

Lvs * vs Pro He Phe Lys Lys Ala Thr Val Thr Leu Glu Asp Hie Leu 
Y " J 155 1~0 175 
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Ala Cys Lys Cys Glu The Vol Ala Ala Ala Arg Pro Val Thr Arg Ser 
180 185 -SO 

Pro Gly Gly Ser Gin Glu Gin Arg Ala Lys Thr Pro Sin Thr Arg v-1 
195 203 205 

Thr He Arg Thr Val Arg Val Arg Arg Pre , Pro Lys Sly Lys His Arg 
21C 215 220 

Lys Phe Lys His Thr Hia Asp Lys Thr Ala Leu Lys Glu Thr Leu .Gly 
. 225 233 235 240 

Ala 

(2) III FORKAT ION FCR SEC 1= NO: 55: , 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 149 a:nin = acids 

(B) TYP2: anino arid 

(C) STRANDEDNES3: Not Relevant 

(D) TOPOLOGY: linear 

<ii) MOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 55: 

- Met Pro val Met Arg Leu Phe Prz Cys Phe Leu Gin Leu Leu Ala Gly 
, 5 10 15 

Leu A* a Leu Pro Ala Val Pro Pr= Gin Gin Trp Ala Leu Ser Ala Gly 
20 25 3C 

Asn G'y Ser Ser Glu Val Glu Val Val Pre Phe Gin Glu Val Trp Gly 
35 -10 45 

Arg Ser Tyr Cys Arg Ala Leu Glu Arg Leu Val Asp Val Va L Ser Glu 
50 55 60 

^vr Pro Ser Glu Val Glu His Met Phe Ser Pro Ser Cys Val Ser Leu 
65 70 "7 5 8C 

Leu Arg Cys Thr Gly Cys Cys Gly Asp Glu Asn Leu His Cys Val Pro 
85 90 35 

Val G'u-Thr Ala Asn Val Thr Met Gin Leu Leu Lys He Arg Ser Gly 
103 105 -10 

Asp Arc Pro Ser Tyr Val Glu Leu Thr Phe Ser Gin His Val Arg Cys 
115 123 125 

Glu Cys Arg Pro Leu Arg Glu Lys Met Lys Pro Glu Arg Cys Gly Asp 
13C 135 . 140 

Ala Val Pro Arg Arg 
145 

\2) INFORMATION FCR SEC 1 2 NO: 56: 

(i) SEQUENCE CHARACTERISTICS : 

(A) LENGTH: 191 amino acids 

(B) TYPE: andno acid - 

(C) STRANDED^ ESS: Not Relevant 
{ D ) TOPCLOGY: linear 

(ii> KOLECULE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 56: 

Met Asr. Phe Leu Leu Ser Trp Val His Trp Ser Leu Ala Leu Leu Leu 

5 . 10 15 

Tvr Teu-Hia His Ala Lys Trp Ser Gin Ala Ala Pro Met Ala Glu Gly 
20 25 30 - 

Gly Gly Gin Asn His His Glu Val. Val Lys Phe Met Asp Val Tyr Gin 

35 40 ' 45 



6,130,071 

117 

-continued 



118 



Arg Ser Tyr Cys His Pre I le Glu Thr Leu Val Asp lie Phe Gin Glu 
50 55 6 C * 

~yr Pro Asp Gin He Glu Tyr lis Phe Lys Pro Ser Cys Val Pro Leu ■ 

„.t'Ar B cys Gly Gly Cys Cys Asn Asp Glu Gly Leu Glu Cys Val Pro 
85 90 > 5 

«rr G-u Glu Ser Asn He Thr Met Gin lie Met Arg lie Lys Pro His 
100 "110 

Gin G'y Gin His He Gly Glu Met Ser Phe Leu Gin His Asa Lys Cys 
115 . 123 125 

Glu cys Arg Pro Lys Lys Asp Arg Ala Arg Gin Glu Asn Pro Cys Gly 
13C 135 :<o 

Pro Cys Ser Glu Arg Arg Lys His Leu Phe Val Gin Asp Pro Gin Thr 
145 153 _ 155 

■ Cys lys Cys Ser Cys Lys Asn Thr Asp Ser Arg Cys Lys Ala Arg Gin 
■ 155 1/0 

Leu Glu Leu Asn Glu Arg Thr Cys Arg Cys Asp Lys Pro Arg Arg 
180 ' 185 150- 

(2) IHFORKATION FCR SEC I- NO: 57 : 

(i) SEQUENCE CHARACTERISTICS: 

(A) LENGTH: 188 aniin= acids 
{B ) TYPE: anino acid 
.(C) STRAW DEDN ESS : Kot Relevant 
(D) TOPCLOGY: linear 

(ii) KOLECCLE TYPE: protein 

(xi) SEQUENCE DESCRIPTION: SEQ ID NO: 57: - 

Met Ser Pro Leu Leu Arg Arg "Lou Leu Leu Ala Ala Leu Leu Gin Leu 
5 10 15 

Ala Pro Ala Glr. Ala Prr Val Ser Gin Pre Asp Ala Pro Gly His Gln^ 
20 25 30 

■ Arg Val Val Ser Tr= He As? Val Tyr Thr Arg Ala Thr Cys Gin 

35 40 45 

Pro Ar = Glu Val Val Val Pro Leu Thr Val. Glu Leu Met Gly Thr Vel 
50 - 55 " 60 



Ala Lys Gin Leu Val Pro Ser Cys Val Thr Val Gin Arg Cys Gly Gly 
65 70 75 8C 

Cys Cys Pro Asp Asp Gly Leu Glu Cys Val Pro Thr. Gly Gin His Gin 
85 90 95 

Val Arg Met Gin lie Leu Met He Arg Tyr Pro Ser Ser Gin Leu Gly 
10D 105 HO 

Glu Met Ser Leu Glu Glu His Ser Gin Cys Glu Cys Arg Pro Lys Lys 
115 120 125 

Lys Asp ser Ala Val Lys Pro Asp ser Pre Arg Pro Leu Cys Pro Arg 
13C 135 140 . 

Cys Thr Gin His His Gin Arg Pr= Asp Pre Arg Thr Cys Arg Cys Arg 
l A5 153 155 -60 

Cys Arg Arg Arg Ser Phe Leu Arg Cys Gin Gly Arg Gly Leu Glu Leu 

Asn Pro Asp Thr Cys Arg Cys Arg Lys Leu Arg Arg 
18D 135 
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33 



What is claimed, is: oolvoentide that 

another amino acid. . vhere ; n sa jd 

" 156 of SEO ID NO: 8 has been deleted or replaced by 
another amino acid; amino-termmal 

(b) continuous portions that tomprisc a 

truncation of (a); and ,,-wv-trrminal 

continuous portions that compr.se a carbox> -terminal 

truncation of (a) or b). wherein said 

3. A l-^^^^a^v^nopH^phoryl.- 

nnlvncntidc is capable of stimulating i>roMi i i 

pol>pcpiia i expressing VEGFR-3. 

U °? °i vnrF r AC polypeptide according to claim 1 

4. A VEGF-C * c '« P° > p £ - 213 of SHU 10 NO: 8, 
comprising amino acids 113 to ii* °i v* 
•wherein the cysteine residue at position 1 >6 of SEU 

8 h - a \ b VECT C lc 7SeP^e according to claim 1 
3 . A VEGF-C a<- 15lS v° l >Y ? , SEO ID NO : 8, said 
comprising a continuous ^ l0 \ 0 ^f^ .^mmu acid 

residue at position 156 of bbU il> i>u. 

or replaced _ -^..peptide, according to claim 1 

6. A VEGr-L. a^ise V^^yy v ,c< r ,r<sPniDNO: 
wherein the cysteine residue, at position 156 or SEQ ID N 
8 has been replaced by a senne : accordin to 

VEGFR-3. , i 

Sue 1 "posUi™ I'TofSEQ ID NO: 8 has been deleted 
i VEGFR-3) in tissue suspected of containing \EOFR .3, 
VE^n the tlSue & deUting the-polypep.ide bound 
,0 £ fftw and isoW , rmcleic ^ ™^ 

(VEGFR*2) S , ^^^^Jg^^^'^N^ 8^«tive to 
sequence comprising £ porno ^g™^ rcsidue at 

S3£?[SS s5SnO= « •« been deleted or replaced 

by another amino acid. 



13. A vector comprising a nucleic acid according to claim 



14. A host cell transformed or transfected with a nucleic 

acid according to claim 12. nnlvneolide that binds to 

15 A method of making a polypept oe uiai 
VEGFR-3, said method comprising the steps ot. - 

(a) expressing a nucleic acid according to claim 12 in a 

1 fi^'polypeplide tna, ^^^^ « 
human FU4 receptor tyrosine ^^^'^^ 
said rf^*-^^ that bind, to 

„r'n VE V G CCrR3, ^,h -he jrov, ^ 

another amino acid y^p^ amino acid 

wherein the vertebrate P^\~f , equcnct that is 

^^^^^^^^ 

S££ 2 hybrid "atiol SitL": hybridization at 
a human PW»™^™* 8 that is character- 

f m ffioF A PDGF-B), human placenta growth 
facTor B (Kl)f 'and human vascular endothelial 
growth factor B (VEGF-B). and 
3 wherein the conserved cysteine ,ha«! has ° 

the vertebrate is a human. wherein the 

18. A polypeptide according to claim id 
45 vertebrate is a mouse, that binds 

VCGFR-3 and amino acid sequence 

tive to human VEGF-C bavin^ 
consisting of ammo acids 03-2-7 o SEQ ^ 
" caim ^ ^uvant, 

excipient, or carrier. ^ wherein said 

" from the group consisting ot. 

iruui 111^ & t- _j„ ^ wherein 

(a) the amino acid sequence of SEQ 1 D N £ "i N£) . u 
the cysteine residue at position 152 of SEQ 1U MU. ii 
to been deleted or replaced by another ammo acid, 

(b) amino-terminal irunations of (a); and 

(c) carboxvl-lerminal truncations of (a) or (b) 
22. A polypeptide according to ^"J^^^d 

polypeptide comprises an amino add seqte 
from the group consisting of: n 
(a) the amino acid sequence of SEC ID { ^ ^ 
the cvsteine residue at position 15d oi »y 
to been deleted or replaced by another ammo adds, 
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(h) amino-tcrminal truncations of (a); and 
(c) carboxyl-ierminal truncations of (a) or (b). 
23. A purified and isolated nucleic acid comprising a 
nucleotide sequence encoding a polypeptide that binds to the 
extracellular domain of human Fh4 receptor trosine kiase 5 
(VEGFR-3), 

said polvpeptide comprising a fragment of a vertebrate 
prepro-VEGF-C amino acid sequence thai binds to 
.human VEGFR-3, with the proviso that, in said ^ 
polypeptide, a conserved cysteine of the vertebrate 
prcpro-VEGF-C has been deleted or replaced by 
another amino acid, 
wherein the vertebrate prepro-VEGF-C. amino acid 
sequence comprises an amino acid sequence that is l5 
encoded by a DNA of vertebrate origin which hybrid- 
izes to a non-coding strand complementary to nucle- 
otides at 352 to 1611 of SEQ TO NO: 7 under the 
following hybridization condition: hybridizatin at 42° 
C. in a hybridization solution comprising 50% ,„ 
formamide, SxSSC 20 mM Na.PO, pH 6.8; and wash- 
ing in 0.2xSSC at 55° C, 
wherein nucleotides 352 to 1611 SEQ ID NO: 7 encoded 
a human prepro-VEGF-C having the amino acid 
sequence set forth in SEQ ID NO: 8 that is character- 2S 
ized bv eight cvsteine residues at position 131, 156, 
162, 165, 166, 173, 209, and 211 of SEQ ID NO: S that 
are conserved in human vascular endothelial growth 
factor (VEGF), human platelet derived growth factors 
A, and R (PDGF-A, PDGF-R), human placenta growth 30 
f actor (PlGE-1), and human vascular endothelial 
growth factor B (VEGR-B), and 
wherein the conserved cysteine that has been deleted or 
replaced corresponds to position 156 of SEQ ID NO: 8. 

24. A vector comprising a nucleic acid according to claim 

23. . 

25. A host cell transformed or transfected with a nucleic 
acid according to claim 23. 

26. A method uf making a polypeptide that binds to 
VEGFR-3, said method comprising the steps of: <*~ 

(a) expressing a nucleic acid according to claim 23 in a 
host cell; and 

(b) purifying a polypeptide that binds to VEGFR-3 from 
said host "cell or from a growth medium of said host ^ 
cell. 

27. A polvpeptide that binds to human Fll4 receptor 
•tyrosine kinase (VEGFR-3), said polypeptide comprising an 

amino acid sequence selected from the group consisting of: 



(a) the amino acid sequence of SEQ ID NO: S t wherein 
the cysteine residue at position 156 of SEQ ID.NO: 8 
has been deleted replaced by another amino acid; 

(b) the amino acid sequence of SEQ ID NO: 11, wherein 
the cvsteine residue at position 1 52 of SEQ ID NO: 1 1 
has been deleted or replacea* by another amino acid; 

(c) the amino acid sequence of SEQ ID NO: 13, wherein 
the cvsteine residue at position 155 of SEQ ID NO: 13 
has been deleted or replaced by another amino acid; 

(d) amino-terminal truncations of (a), (b), or (c); and 

(e) carboxvl-terminal truncations of (a), (b), (c), or (d). 
* 28. A polynucleotide comprising a nucleotide sequence 
that encodes'a polypeptide that binds to human FU4 receptor 
tyrosine kinase (VEGFR-3), said polypeptide comprising an 
amino acid sequence selected from the group consisting of: 

(a) the amino acid sequence of SEQ ID NO: S, wherein 
the cvsteine residue at position 156 of SEQ ID NO: 8 
has been deleted or replaced by another amino acid; 

(b) the amino acid sequence of SEQ ID NO: 11, wherein 
the cysteine residue at position 152 of SEQ ID NO: 11 
has been deleted or replaced by another amino acid; 

(c) the amino acid sequence of SEQ ID NO: 13, wherein 
the cysteine residue at position 155 of SEQ ID NO: 13 
has been deleted or replaced by another amino acid; 

(d) amino-terminal truncations of (a), (b), or (c); and 

(e) carboxyl-terminal truncations of (a), (b), (c), or (d). 
29. A polynucleotide according to claim 28, wherein the . 

nucleotide sequence that encodes the peptide comprises a 
sequence selected from the group consisting of: 
- (a) the nucleotide sequence set forth in SEQ ID NO: 7 
from nucleotide 352 to 1611, wherein the cysteine 
cudon at positions 817-819 has. been deleted or 
replaced by a codon for an amino acid other than 
cysteine; ' , 

(b) the nucleotide sequence set forth in SEQ ID NO: 10 
from nucleotide 168 to 1412, wherein the cysteine 
codon at positions .621-623 has been deleted or 
replaced by a codon for an amino acid other than 
cysteine; 

■ (c) the nucleotide sequence set forth in SEQ ID NO: 12 
from nucleotide 453 to 1706, wherein the cysteine 
codon at positions 915-917 has been deleted or 
replaced by a codon for an amino aid other than 
cysteine; 

(d) ^'-deletion fragments of (a), (b), or (c); and 

(e) 3'-deletion fragments of (a), (b), (c), or (d). 
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Abstract: Current concepts in gene 
transfer and its application to the 
treatment of human genetic disor- 
ders, cancer, and other diseases are 
discussed. 

Gene therapy is a technique vn 
which a functioning gene is inserted 
into a human cell to correct a genetic- 
error or to introduce a new function 
to the ceil. Many methods, including 
retroviral vectors, have been devel- . 
oped for ex vivo and in vivo gene 
insertion into cells. Some pharma- 
cists have likened gene therapy to a 
sophisticated form of drug delivery 
and have envisioned an active role 
for the pharmacy profession. There 
are several safety and ethical issues 
related to manipulating the human 
genome that need to be understood. 
Current gene therapy efforts focus 
on gene insertion into somatic (non- 



germinal) cells only. 

Gene therapy has the potential to 
revolutionize the treatment of ge- 
netic disorders, diseases associated 
with a genetic component (e.g., cys- 
tic fibrosis), cancer, AIDS, and many 
other diseases. Gene transfer may 
also be used to better understand 
the biology of disease processes, 
such as the source of relapse in bone 
marrow transplant patients. The hu- 
man* genome project will undoubt- 
edly lead to* the identification, 
characterization, and understand- 
ing of genes that are responsible for 
manv human diseases, and gene 
therapy trials are sure to expand ac- 
cordingly. . 

To date, over 40 clinical trials 
have been approved and more than 
110 'patients have been entered in 
gene therapy studies. There arc still 



many technical obstacles to over- 
come before gene therapy can have 
widespread application. Injectable 
vectors need to be developed to sim- 
plify foreign gene administration. 
Perhaps the biggest problem to 
overcome will be engineering the 
target cells to be able' to regulate 
gene expression according to physi- 
ologic needs. 

Pharmacists should become 
knowledgeable about gene transfer 
techniques and possible clinical ap- 
plications of gene therapy to keep 
abreast of the newest trends in med- 
icine. 



Index terms: Gene therapy; Genetic 
engineering; Neoplasms; Research; 
Transfection 

Clin Pharm. 1993; 12:488-505 



Recent advances in molecular biology and related dis- 
ciplines have contributed to major developments in the 
diagnosis and treatment of human disease. Numerous 
diagnostic products and biological therapies have been 
produced by recombinant DNA technology. Identifica- 
tion and cloning of genes involved in various human 
diseases have heralded the era of human gene therapy, a 
technique in which a functioning gene is inserted into a 
human cell to correct a genetic error or to introduce a 
new function to the cell. 1 Viruses such as murine retrovi- 
ruses, adenoviruses, herpes virus*.*, and parvoviruses 
are gaining wide use for introducing foreign genes into 
human cells." The ultimate success and utility of human 
gene therapv depend in large part on the ability of scien- 
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tists to elucidate the structure, function, and regulation 
of human genes. 1 The human genome project, an inter- 
national effort to map and sequence the entire genomes 
of man and several model organisms, will undoubtedly 
lead to the identification, characterization, and under- 
standing of genes that are responsible for many human 

diseases. 4 - . , 

Gene therapy has the potential to revolutionize the 
treatment of genetic disorders, diseases associated 
with a genetic component (e.g., cystic fibrosis), cancer, 
AIDS and manv other diseases. Gene transfer may 
also be used to better understand the biology of dis- 
ease processes. Some pharmacists have likened gene 
therapy to a sophisticated form of drug delivery and 
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have envisioned an active role for the pharmacy pro- 
fession. 5 Pharmacists, however, must understand the 
fundamentals of molecular biology if they are to keep 
pace with the rapid advances in gene therapy. This 
knowledge, integrated with expertise in pharmaco- 
therapy will allow pharmacists to contribute to the 
development of gene therapy trials and the care of 
patients undergoing this form of treatment. This arti- 
cle will review basic mechanics of gene transfer and 
gene therapy, describe the potential applications of 
gene transfer and gene therapy to better understand- 
ing of disease biology, and summarize the ongoing 
clinical trials employing gene transfer and gene thera- 
py techniques. 

Gene Structure. Function, and Regulation 

A gene is a segment of DNA with a unique order of 
purine and pvrimidine bases that encode a specific 
protein (Figure 1). It is estimated that the human ge- 
nome contains 3 billion DNA base pairs or the equiva- 
lent of 50,000-100,000 genes divided among the. 
chromosomes and the mitochondria/ Most genes from 
eukaryotic cells contain coding sequences (exons) that 
are interrupted by one or more noncoding regions (in- 
trons) * The regions adjacent to the introns and exons 
contain the initiation and termination sequences nec- 
essary to regulate messenger RNA (mRNA) transcrip- 
tion. Several similar sequences are found m the 5 
regions of manv different genes, possibly indicating 
that these sequences play an important role in gene 
regulation. 11 . . 

The flow of information from gene to protein prod- 
uct involves many complicated, highly coordinated 
processes (Figure 2). The template for protein synthe- 
sis mRNA, is formed in the nucleus as a co.mplemen- 



Raure 1 Basic gene structure. A gene is a sequence of chro- 
mosomal DNA required to produce a functional RNA or polypeo- 
^de oroduct The basic gene structure consists of both the actual 
'coding sequences (exons) and sequences necessary for proper 
oene expression. The promoter region (P). located ar me b 
, 9 erminus P includes the Start codon 

fete messenger RNA (mRNA) transcr.ption. rfery few ge-ies exis 
as' congous coding sequences: most are .n«rrup*d by 
noncoding sequences (introns). Transcription of the exon re 
g?ons determines the resultant amino acid ^™™°° s ™ 
transcribed in 'he nucleus to RNA but are not part of .he cytO 
ofasmic mRNA and therefore not part of the final protein product 
S the stop codon. an untranslated region at the 3 terminus 
Sensible for adding mu.tiple.polyadenosme residues to the 
mRNA. 
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Reviews in the Clinical Frontiers section summarize recent 
research advances, such as those that contribute to an under- 
standing of a disease process or the mechanism of drug action, 
describe new technologies or medical procedures that are likely 
to affect drug therapy, or describe likely new modes of drug 
' therapy Preference is given to articles that assess directions of 
ongoing research and critically evaluate therapeutic implica- 
tions in new or rapidly changing areas. 



tary copy of a single-strand portion of DNA through a 
process called transcription. The mRNA base sequence 
is then decoded to form a protein through a process 
known as translation. Ribosomal RNA is responsible 
for protein synthesis under the direction of transfer 
RNA, which provides the molecular link between the 
coded sequence of RNA and that of the protein. 6 

The generic code is composed of 64 codons, which 
are sequences of three adjacent bases that specify a 
particular amino add. Although up to three different 
codons can specify the same amino acid, the genetic 
code is considered universal because all organisms use 
the same codons. This fact explains why a simple bac- 
terium can translate a human gene into a polypeptide. 
Moreover, the DNA or RNA base sequence determines 
the amino acid sequence, and knowledge of the amino 
acid sequence can be used to deduce the possible DNA 
. sequence that codes for the protein. 7 

The complex regulation of end-product protein pro- 
duction (gene expression) is controlled by many fac- 
tors, including gene structure, transcription, transla- 
tion gene product amount (gene dosage), and protein 
processing For manv genes, small fluctuations in the 
amount of the gene product can turn gene expression 
on or off through feedback mechanisms. For other 
genes even large fluctuations do not alter gene expres- 
sion The clinical manifestations of altered gene ex- 
pression can vary greatly as well. Some disorders can 
arise from small fluctuations in gene product expres- 
sion, whereas no clinical consequences may be appar- 
ent f'ronvlarge fluctuations in some gene products. 

Determining where genes are located on the chro- 
mosome (mapping) and characterization of DNA re- 
quires generation of a sufficient quantity of DNA 
fragments. Portions of DNA containing a specific gene 
are removed from the chromosome by using enzymes 
that recognize specific base-pair sequences (restriction 
enzymes). The number of DNA fragments is then am- 
plified (increased) and cloned (duplicated) in prokary- 
• otic cells (e.g. bacteria), in eukaryotic cells ^>Y**f> 
or by using the polymerase chain reaction (PCR). I 
is an efficient and highly sensitive method that allows 
the in vitro synthesis of large amounts of a desired 
DNA sequence. In addition, many other powerful mo- 
lecular biology techniques have been developed to 
help researchers and clinicians identify the genetic link 
to human diseases. To learn more about molecular 
biology, the reader is referred to several recent review 
articles.*- 10 . ' ' 
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Figure 2 P'cduclio" o* oroteir.s from ge~es. T:Ve Lvccuciion of a prc;e'n oroduci is 3 Ngruy regelated, comp ex process that starts with 
the gene. A: s:eo ' tra-sabtion of DNA into RNA scans upsfe^nn frorr the coding sequences and continues alcna the chromosome 
.nclud ng both exon a^d ntro^ seq je^ces. A: step 2. me o'imary RNA tra.nscr ot is then modified ;o remove the areas transcribed from 
intro^. At sieo 3. the r esui:ant messengc RNA s then transposed f'om the njcieus in;o ;he cytoplasm where, at step 4, it is translated 
into the am.no acid sequence for the aesired protein S f ep 5 snows assembly of the completed protein. {From Thompson MW. Mclnnes 
RR. Witlard HF. Thompson and Thompson genetics in medic ne 5th ed. Pniladeiohia:. Saunders: 1991. Adapted by permission.) 
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Gene Delivery into Cells 

Gene therapy requires introduction of foreign DNA 
sequences with stable integration, gene expression, 
and appropriate regulation in target tissues. The intro- 
duced gene can replace a missing gene or augment a 
defective one. For a gene to be expressed, ifmust first 
be delivered into the target cell. Once the gene is incor- 
porated into the cell nucleus, the cell can then produce 
the new or missing gene product. Theoretically, genes 
can be transferred into many different cell types. Ex- 
perimental techniques for delivering genes into hepa- 
tocytes, keratinocytes, fibroblasts, endothelial cells, 
epithelial cells, myocytes, and hematopoietic cells are 
available. 11 ' 17 Most gene transfer experience has been 
with hematopoietic cells, since bone marrow or blood 
is easy to obtain and handle. 1318 In particular, lympho- 
cytes were used in the initial gene therapy experi- 
ments for adenosine deaminase (ADA) deficiency and 
cancer. 19 Unfortunately, while bone marrow stem cells 
are self-renewing, lymphocytes have a -finite life cycle. 
Therefore, if lymphocytes are used as a cellular target 
for gene therapy, genes are expressed only as long as 
the lymphocyte lives. Thus, repeated infusions of 
gene-altered lymphocytes are required. 

The currently available techniques for transferring 
genes into cells include both physical and viral meth- 
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ods.- !, - : Physical transfection methods include micro- 
injection of DNA directly into cells, electrophoretic 
transfer across cell membranes (eiectroporation), co- 
precipitation with calcium phosphate, and fusion to 
liposomes -or spheroplasls. Microinjection, although 
10-100% efficient, is limited in clinical practice by the 
number of cells that carTbe injected/With microinjec- 
tion, each individual cell would need to be treated 
separately and since 10" to 10 g cells usually need to be 
treated, this method would not easily apply to many 
clinical situations, including bone marrow transplan- 
ts tion. :ii:i Other physical methods have limitations 
that make them less than optimal for current attempts 
at human gene therapy. Transfection and eiectropora- 
tion are inefficient; less than 1% of ceils will have sta- 
ble DNA integration into their chromosomes with this 
method. Fusion methods, using spheroplasts devel- 
oped from bacteria after cell wall lysis or liposomes, 
involve attachment to the target cell membrane and 
then intracellular- DNA delivery. DNA has been direct- 
ly transferred^ to tumor cells via liposomes. 2124 Al- 
though stable integration of DNA in the tumor cells 
may not be possible using liposomes, it may not be 
required since transient expression may be sufficient 
to exert a biological effect. 

Viral vectors, primarily retroviruses, improve the 
efficiency of delivering genes into cells (Table l). 20 - 22 - 25 
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A vector is any material containing DNA or RNA that 
is used to carry a gene into a cell. A viral vector pro- 
vides a means of inserting genetic information into the 
genome of host cells. The Moloney murine leukemia 
virus is the most commonly used retrovirus (Figure 3). 
To provide the necessary safety factors, the retroviral 
vector is made replication-deficient (also referred to as 
replication-defective) by removing the encapsidation 
(y r psi) gene sequences necessary for viral replication. 
The vector can still infect the cell, integrate into the 
target cell, and deliver genetic information to the nu- 
cleus, but it cannot replicate. Viral proteins can then be 
made by the use of retrovirus "packaging" cell lines 
(Figure 4). 26 To accomplish this, the vectors are first 
modified to include the new gene(s) as well as the 
mechanism to control gene expression. 

These genetically modified retroviruses have been 
used safely in humans for ex vivo gene therapy (Figure 
5) WW* Scientists can transduce large numbers of cells 
by using this method.. 20 - 25 Retroviral vectors provide an 
advantage over other vector systems because they can 
stably insert a foreign gene into the host genome. This 
modification would then be passed on as the cell di- 
vides. Retroviral vectors provide a highly efficient 
means of gene transfer (up to 90%) into replicating 
cells and precisely integrate transferred genes into cel- 
lular DNA. 20 * 25 Other methods of gene transfer are not 
as efficient as retroviral transduction and usually do 
not cause stable DNA integration into target cells, es- 
pecially primary somatic (nongerminal) cells. 2 * How- 
ever, retroviral vectors do not integrate in nondividing 
cells* 

Adenoviruses provide another viral vector for gene 
therapy. 20 "- 31 Although not studied as extensively ?s 
retroviruses, they may play an important role in future 
gene therapy studies. After the genetic information 
controlling viral replication is removed from the ade- 
novirus, it can be suitable for gene therapy in a manner 



Table 1 . 

Viral Vectors and Target Tissues 



Viral Vector 



Target Tissues 



Retrovirus 



Adenovirus 



Adeno-associated 
virus 

Herpesvirus 



Parvovirus 
Simian virus 40 



Hematopoietic cells 
Hematopoietic stem ceils 
Fibroblasts 
Endothelial cells 
Myoblasts 

Smooth muscle ceils 
Hepatocytes 
Airway epithelial cells 
Hepatocytes 

Hematopoietic, ceils (lymphoid, 

myeloid) 
Hematopoietic cells 
Fibroblasts 
Epithelial cells 
Lymphoid cells 

Nondividing cells (e.g., differentiated 

neurons and hepatocytes) 
Central nervous system 
Smooth muscle cells 



similar to the retrovirus. However, adenoviral DNA 
functions in an extrachromosomal manner, rather than 
by insertion into the genome. Because of this, the ade- 
novirus should not cause malignant transformation 
(insertional mutagenesis or insertional oncogenesis). 
Unfortunately, the gene cannot be passed on to the 
progeny of the modified cell. Adenoviral vectors may 
cause transient high-level expression of genes in many 
cell types and could be useful in short-term gene thera- 
py. The major advantages for using adenoviral vectors 
are that they are suitable for infecting tissues in situ, 
especially the lung, and they can be made at high titers 
(lO'MO 12 plaque-forming units/mL), thereby allowing 
for high-efficiency transduction. Cells in the lung pro- 
liferate slowly and many are terminally differentiated, 
making them less susceptible to retroviral vector trans- 
duction. One example of the current use of an adenovi- 
ral vector is to deliver a human cystic fibrosis trans- 
membrane conductance regulator gene by intratrache- 
al instillation to airway epithelial cells. 32 - 33 

The herpes simplex virus (HSV) is another viral vec- 
tor with a natural affinity (tropism) for nondividing 
tissue. This virus is neurotropic and may be suitable 



Figure 3. Retroviral gene structure. The Moloney murine leuke- 
mia virus is an attractive starting point to produce retroviral 
vectors with substituted gene sequences of interest because the 
gag. poi and env regions can be deleted and the virus can still 
enter a cell and integrate its genetic material without being able 
to reproduce. Duai-gene (or multiply-substituted) vectors can be 
produced by inserting the appropriate promoter sequence be- 
fore each additional gene. The LNL6 NeoR retroviral vector is a 
highly modified version of previous NeoR vectors to enhance 
safety: a stop codon (TAG) replaces the start codon. and murine 
sarcoma virus sequences (hatched regions) replace some 
Moloney virus sequences. LTR = long-terminal repeat, y {psi) = 
encapsidation sequence, gag = vira; structural -protein se- 
quences, poi = viral enzymes (including reverse transcriptase) 
sequence, env = viral envelope-protein region. P = gene pro- 
moter. TAG = thymidine-adenine-guanine stop codon triplet. 
NeoR = gene that confers resistance to the neomycin analogue 
G418 (From Cornetta K. Safety aspects of gene therapy. Br J 
Haematol. 1992; 80:421-6. Adapted with permission of Biackwell 
Scientific Publications Ltd.) 

Moloney Murine Leukemia Virus 
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Figure 5 Ex vivo gene therapy in humans. (From Vaile D. Treatment of gene,, disease! current status and prospects for the future. 
Semin Perinatal 199V V5[Suppl 1]:52-6 : Adapted with permission.) 
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for diseases of the central nervous system.* A unique 
characteristic of HSV that may offer advantages for 
future gene therapy applications is that there is space 
available to accommodate larger and more complex 
eerie arrangements than adenoviral and retroviral vec- 
tors. 22 HSV has not been used as a vector system in 
human studies yet 
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The parvovirus, an adeno-associated virus (AAV) 
that is nonpathogenic and replication-defective, is be- 
ing studied as a gene vector.^ It has a broad range of 
possible hosts and can integrate into a specific site in 
its host's DN A, thus minimizing the risk of insertional 
mutagenesis. If necessary, introduced sequences may 
be removed bv using a helper virus. The ability of the 
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AAV to enter latency is attractive for AAV vector de- 
velopment. 

Potential Target Tissues 

Although manv types of tissue would theoretically 
■ be appropriate targets for correction of genetic defects, 
*■ placing a normal gene into diseased tissues depends 
' on several factors, including the proliferative state of 
\ t he tissue, its accessibility to gene manipulation, the 

normal site of gene expression, the presence of cotac- 
! tors and the reversibility of tissue damage. Hemato- 
1 poietic cells are favored since there are well-developed 

procedures for bone marrow transplantation (BMl ), 
] - several hematopoietic cell types, wide distribution ot 
\ hematopoietic cells, and a variety of severe diseases 
; affecting hematopoietic cells. 20 * 

For manv genetic therapies, the long-term, repopu- 
• latins pluripotent hematopoietic stem cell is the ideal 

tareet for gene transfer. 1 *-^ Because of its extensive 

self-renewing capacity, a lasting genetic modification 
> of the hematopoietic system can be accomplished by 
i eene transfer. 18 - 35 Unfortunately, the hematopoietic 

stem cell is present in low concentrations, so many 
! current gene therapy efforts target more differentiated 

V hematopoietic cells, such as lymphocytes. 1 ; However, 
J recent advances have made gene transfer into hemato- 
I poietic stems cells possible, and current research ef- 
( forts are under way to make this approach more 

] feasible. !SJ5 * fr 

The liver is also an attractive target to correct the 

I many genetic disorders associated with inborn errors 

I of metabolism.^ The liver has a blood supply hat 

V can be isolated for gene delivery and then used to 
" distribute the gene product. While the hepatocyte does 
\ not proliferate to the extent that other target tissues for 
{ gene therapy (e.g., lymphocytes) do, it undergoes suf- 
I ficient divisions to allow a 3-30% transduction 
S rate ™ M Furthermore, hepatocytes can be removed 
- ; by partial liver resection, grown in tissue culture and 

\ then returned via the hepatic artery. While in culture 
; thev can be transduced with recombinant retroviral 
! vectors where, as has been demonstrated, a functional 
\ defect can be repaired/ 5 Moreover,there are a number 
of diseases that result from hepatic deficiency states It 
. mav be possible to cure a genetic disorder by supple- 
} meriting the liver with a gene that is deficient in spe- 
I Sfic disease states. There is interest in the potential 
\ application of gene therapy in antitrypsin deficiency a 
i common hepatic deficiency state that leads to early- 
1 onset lung disease. 2 - 13 

Manv metabolic, exocrine, autocrine, and nutritional 
1 disorders may be treated in the future by gene therapy 
targeting the intestines. Preliminary evidence suggests 
that intestinal tissue can be transduced by exposure to 
adenoviral vectors. Other potential targets for gene 
therapy in the gastrointestinal tract include the bile 
duct, pancreatic cells, and other secretory cells.-- 

Investigators have transferred the gene encoding tis- 
sue plasminogen activator (TP A) into endothelial cells 



via retroviral vectors; The genetically modified endo- 
thelial cells will then express TPA. Although a system- 
ic anticoagulant effect would not be expected from this 
production, local concentrations of TPA could pro- 
duce a thrombolytic environment and reduce throm- . 

bosis.^ ~ . 

Most investigators agree that protocols modifying 
somatic tissues, as described above, are an ethical ther- 
apeutic option. However, controversy still exists as to 
the ethics of using germ cells (e.g., sperm or eggs) for 
eene therapy. Future generations could be damaged it 
the germ line is manipulated. Much is still not known 
about this type of therapy. Long-term adverse effects 
may occur. if genetic information in patients' germinal 
cells is altered. Therefore, before gene therapy in hu- 
man germ cells is considered, more experience is nec- 
essary in animal models." 40 

Although preliminary research indicates promise in 
many of the previously described tissues, formidable 
obstacles need to be overcome before we see routine 
use of gene therapy in human disease. In the future, it 
may be possible to use gene therapy in a variety of cell 
types as a means of creating customized, localized, 
drug delivery systems in patients by producing drugs 
targeted at specific disease processes. 

Disease Candidates for Gene Therapy 

As scientists make progress in gene transfer tech- 
niques and uncover more details of the human ge- 
nome the list of potential applications of gene therapy 
will grow (Table 2). Ethical and scientific consider- 
ations are important when choosing initial candidates 
for eene therapv. At first, clinicians considered severe 
genetic diseases with a predictable phenotype and 



Table 2 

Potential Disease Candidates tor Gene Therapy 



Genetic diseases or disorders' with associated genetic 

C °SC^ e with adenosine deaminase deficiency 
Familial hypercholesterolemia 
Hemophilia 
Cystic fibrosis 
Antitrypsin deficiency 
Chronic granulomatous disease 
Gaucher's disease type 1 
Mucopolysaccharidosis 
Emphysema 
Phenylketonuria 
Ammoniemia 
Muscular dystrophy 
Thalassemia 
Sickle cell anemia 
Argininosuccinicaciduria 

Citrullinemia , . 

Purine-nucleoside phosphorylase deficiency 

Cancer 

Nongenetic, nonmalignant diseases 

Acquired immunodeficiency syndrome 

Car diovascular disease . ; . 

ft SC!D =- severe combined immunodeficiency. 
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limitations in current therapy that justified experimen- 
tal approaches. The basic categories of disorders in 
which gene therapy will be used are (1) diseases 
caused by a missing or defective gene, (2) cancer, and 

(3) nongenetic, nonmalignant diseases such as AIDS. 
To correct genetic disorders using the current gene 

transfer systems, several biological criteria should be 
met: (1) the disease is genetically recessive, (2) the 
defective gene has been identified and cloned, (3) pre- 
cise regulation of gene product is not required, and 

(4) target cells can be manipulated after removal from 
the body and safely returned to the patient.' 2 Further- 
more, cells containing the corrected gene(s) should 
have a selective survival advantage over uncorrected 
cells. Without the survival advantage, remaining un- 
treated cells would dilute the beneficial effects of the 
genetically corrected cells.' Recent advances in recom- 
binant DMA technology, which make isolation of 
many genes possible, and new insights into gene regu- 
lation mechanisms make meeting these biological re- 
quirements feasible. 

At present, the most suitable genetic disorders meet- 
ing these criteria are those affecting the hematopoietic 
system. This is because a suitable method) for reintro- 
ducing genetically altered cells already exists through 
BMT. In general, BMT is successful in diseases in 
which (1) the defect causes a complete or partial lack of 
functioning cells in a particular cell line, (2) there is 
defective enzyme synthesis, or (3) there is a defective 
transport molecule. These situations could be correct- 
ed by replacing the defective gene with its cloned 
functional equivalent. This approach is successful in 
treating hematopoietic disorders like severe combined 
immunodeficiency due to ADA deficiency Gene 
therapy may prove more difficult in disorders that 
involve complex gene regulation (e.g., diabetes melli- 
tus) or where the disease is manifested in relatively 
inaccessible body tissues, such as the bone matrix or 
the central nervous system (CNS). With current tech- 
nology, genes cannot be supplied through hematopoi- 
etic pathways to many other tissues, such as muscle, 
visceral organs, or neurons, and alternative gene deliv- 
ery pathwavs are necessary. CNS disease may prove to 
be particularly difficult to treat. In the CNS, only a 
relatively small number of diseases may be correctable 
with currently anticipated technologies. When a gene 
deficit results in a toxic product, early developmental 
failure caused by accumulation of toxic metabolites in 
the CNS may be irreversible. Damage to neurons may 
also result from physical damage induced by gene 
insertion (i.e., an immune response to a herpes vector). 
For these reasons, gene therapy of many CNS diseases 
may need to take place in the fetus or newborn before 
irreversible damage occurs and where the blood-brain 
barrier mav be more permeable to treated cells. 

Gene the'rapy is usually thought of as a technique for 
inserting a functioning gene into cells of a patient to 
correct an inborn genetic defect. 1 Gene therapy for 
malignant disease, for the most part, consists of insert- 
ing a gene into a cell to provide a new function for the 
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cell. Newer approaches are targeting the genetic basis . 
for many malignancies by introducing missing tumor [ 
suppressor genes or inactivating oncogenes." Current ' 
approaches to gene therapy for cancer involve gene : 
transfer into immune cells to modify and enhance im- J 
mune cell functions, modifying tumor cells to stimu- 
late the immune response, inserting genes to make ) 
cancer cells sensitive to certain drugs (e.g., ganciclovir ) 
sodium), and using gene transfer for marking or en- - 
hancing transplanted bone marrow for treatment of | 
lymphoid tumors." .Also, genetic marking of autolo- j 
gous bone marrow cells used for transplantation pro- . 
vides a way to determine if the transplanted (reinfused) " 
cells are the cause of posttransplant relapse. Conse- 
quently, new ways of reducing residual disease before 
removal of bone marrow or more rigorous marrow 
purging could be evaluated. 

The gene encoding bacterial neomycin phospho- 
transferase (usually referred to as the NeoR gene) has 
been successfully used in gene-marking studies. 45 
Cells that produce neomycin phosphotransferase are 
resistant to the neomycin analogue G418 and can be 
distinguished from cells that do not express this en- 
zyme. Insertion of the gene NeoR into tumor-infiltrat- 
ing lymphocytes (TIL) demonstrated that the gene 
could be inserted and expressed in human TIL and 
that the marked cells could be detected in blood and 
tumor samples. 45 Studies done in a limited number of 
patients have now shown that these gene-modified 
cells can be detected for up to six months in blood and 
two months in tumor after cell infusion. 4 * The NeoR 
gene is also being inserted into bone marrow cells used 
in BMT genc-marking studies. 

Gene therapy has been proposed as a treatment for 
AIDS. Better understanding of modes of transmission 
and molecular mechanisms of human immunodefi- 
ciency virus (HIV) replication has yielded creative ap- 
proaches to therapy. Gene transfer protocols have 
been designed to protect modified cells by blocking 
viral infection or by interfering with HIV gene expres- 
sion. Investigators are searching for ways to protect T 
lymphocytes, the primary target of HIV, from infec- 
tion Protection of even a small proportion of T cells 
may salvage immune function in affected individuals 
and allow normal immune mechanisms to prevent fur- 
ther viral spread/ 6 

Ultimately, investigators will have to look at practi- 
cal issues to determine which current gene therapy 
strategies will address realistic clinical goals. Further 
research with viral vectors is needed to achieve both 
efficient gene transfer into target cell populations and 
stable expression of foreign gene products in clinically 
useful concentrations. 

Safety of Gene Manipulation 

Importance of Assessment. Safety assessment is 
important with any new technology, but it is especial- 
ly important for gene therapy studies, where, m some 
cases retroviruses are intentionally introduced. All 
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'clinical studies involving gene transfer in human sub- 
jects are assessed by local institutional and national 
review committees. The local institutional review- 
board evaluates the scientific and ethical merit of the 
study, and the institutional biosafety committee re- 
views the recombinant DNA aspects. In addition, all 
,gene therapy protocols supported by U.S. government 
funds were initially reviewed by both the Human 
Gene Therapy Subcommittee (HGTS) of the Recombi- 
nant DNA Advisory Gommittee (RAC) and then sepa- 
rately by the RAC itself. Once gene therapy trials 
began and experience was gained, the need for this 
dual review by the HGTS and the RAC was ques- 
tioned and the HGTS was subsequently dissolved; 
now, only the RAC review is required. The RAC acts 
in an advisory capacity to the director of the National 
Institutes of Health (NIH; Bethesda, MD), who ulti- 
mately grants final approval. For example, the first 
gene transfer study underwent 15 separate reviews 
before final approval was granted in January 1989. 
Most recently, the RAC has adopted a procedure for 
the compassionate use of gene therapy. 47 - 4 " 

During its existence, the HGTS produced a "Points 
To Consider" document to guide researchers in seek- 
ing approval for gene therapy studies. 50 Several points 
contained in this document deal directly with safety 
issues. These concern the need for special precautions 
to prevent the spread of the recombinant DNA, to 
reduce any potential hazards to persons other than the 
person being treated, and to explain and provide labo- 
ratory evidence regarding the potential- harmful ef- 
fects* of the gene transfer (i.e., development of 
neoplasms, harmful mutations, regeneration of infec- 
tious particles, or an immune response). In consider- 
ing retroviral-mediated gene transfer, the first safety 
point deals with the construction of a safe viral vector 
system. Often, this point forms the basis for most of 
the questions posed during the RAC review to investi- 
gators who want to perform gene transfer studies in 
humans. The investigators must demonstrate that they 
have considered all potential consequences of their 
study. The investigators must consider the potential 
for gene insertion into reproductive cells (e.g., sperm 
or eggs) and address the concern for retroviral infec- 
tion of people other than the patient, including health 
care workers and family members: 3 ' FDA has pro- 
duced a similar "Points To Consider" document that 
establishes the guidelines by which the Center for Bio- 
logics Evaluation and Research evaluates gene therapy 
studies. 5253 

In the safety assessment of any gene therapy proto- 
col using retroviral vectors, concern about potential 
harm to the patient, family, health care providers, and 
the general public needs to be addressed. Potential 
patient harm can include an increased risk of cancer 
and exposure to replication-competent retroviruses 
through recombination. Risks to those who come in 
close contact with the patient, such as family or health 
care providers, can include infection from infectious 
viral particles. The potential harm to the general popu- 



lation includes the possible production of a new and 
infectious virus and the possible evolutionary effects 
of inadvertent retroviral infection of the germ line. 54 

Retroviral-Mediated Gene Transfer. Since most 
concern focuses on the most commonly used gene 
transfer system — retroviral vectors — it is important to 
understand the potential safety issues surrounding 
retroviral-mediated gene transfer/ 5 - 57 These include (1) 
contamination with replication-competent virus, (2) 
contamination with pathogens or toxins, (3) potential 
problems associated with gene insertion into the host 
genome, and (4) specific problems related to the meth- 
od by which the gene-altered cells are administered 
(e.g., hepatectomy) or the intended gene product (e.g., 
interleukin-2).. 

The most critical issue in the development of retro- 
viral-mediated gene transfer was the assurance that 
replication-competent viruses would not be produced. 
The retroviral vectors are constructed lacking the gag, 
pol, and env gene sequences necessary for replication. 
Virion packaging is accomplished by using "packag- 
ing cell lines" rather than potentially infectious helper 
viruses* Initially, these packaging cell lines were pro- 
duced with a psi gene sequence deletion. It was soon 
learned that these cell lines can develop replication- 
competent virus through recombination of the psi se- 
quence from the vector with the ^/-negative helper 
virus. Newer packaging cell lines have been devel- 
oped that lack both the psi gene sequence and parts of 
the long-terminal repeats at the 5' and 3' termini, thus 
necessitating two recombination events to produce a 
replication-competent virus. In addition, vectors have 
been produced that replace the codon for starting gag 
gene transcription with a codon for stopping tran- 
scription. Researchers have also used vectors with 
substituted sequences from viruses that are not struc- 
turally homologous to the helper virus to minimize 
the frequency of recombination. Further modifications 
of the retroviral vector and the packaging cell line 
have produced systems that require three separate re- 
combination events, thereby greatly reducing the 
chance of producing a replication-competent virus. 55 ** 7 
More importantly though, no problems associated 
with replication-competent vims have been reported 
in the more than 110 patients treated in gene therapy 
trials to date. 

Original observations suggested that murine retro- 
viruses capable of replicating in the cells of other spe- 
. cies in addition to the original host (amphotropic 
retroviruses) proliferate poorly in primates, suggest- 
ing that if replication-competent helper virus infection 
did occur, the clinical consequences would be minimal 
or nonexistent. Recently, however, Donahue et al. 58 
reported the rapid occurrence of T-cell lymphoma in 
three profoundly immunosuppressed monkeys inten- 
tionally exposed to replication-competent helper virus 
used in the supernatant for a gene transfer experiment. 
The monkeys were given fluorouracil and their bone 
marrow was harvested, then they were irradiated and 
the bone marrow transplanted. PCR analysis clearly 
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showed that the malignant cells contained sequences 
homologous with the helper virus and did not contain 
sequences from the retroviral vector. This observation 
stresses the importance of using supernatant that is 
free from replication-competent helper virus for hu- 
man gene therapy studies. Given the unique circum- 
stances surrounding this report, the current packaging 
systems and assay methods still appear to be safe for 
human use, although improvements in both would be 
beneficial.-" 

Although precautions are taken to use the safest 
retroviral vectors and packaging cell lines, available, 
there is still the chance that replication-competent vi- 
rus can be transferred to the human genome. Re- 
searchers have developed sensitive tests to detect 
virus contamination. These tests include viral amplifi- 
cation in receptive (permissive) cells, which is 10-1000 
times more sensitive than currently used SVL" biolog- 
ic or reverse-transcriptase assays, and the most sensi- 
tive test, PCR, which can detect one infected helper 
virus out of 100,000 transduced cells/ 4 '* 1 Before intro- 
duction of the transduced cells into the patient, stan- 
dard FDA tests for contamination are performed on 
the producer cell line, the viral supernatant, and the 
transduced cells themselves. This minimizes the po- 
tential for infecting the patient with other pathogens 
or toxins. 52 - 5 - 1 

There are several additional concerns relating to for- 
eign gene integration into the host genome. Retrovi- 
ruses and retroviral vectors insert randomly into the 
chromosomes with a possible preference for transcrip- 
tionally active regions. The potential problems that 
may result from this insertion are related to the inser- 
tion position and normal function of the original cellu- 
lar gene. If the retrovirus integrates into a control or 
coding sequence, or possibly even into untranslated, 
untranscribed, or intervening sequences of an essential 
gene, it may cause inactivation or disruption of that 
gene's normal regulation. These alterations may result 
in no effect, individual cell death, or malignant trans- 
fer mation.^ 517 

The most important concern is that retrovirus inser- 
tion may activate a proto-oncogene or inactivate a tu- 
mor suppressor gene, resulting in malignant transfor- 
mation. The probability of malignant transformation is 
related to the number of cells infected, the number of 
integrations per cell, the presence of proto-oncogenes, 
the role of suppressor genes, the number of cellular 
changes required to cause malignancy, the virus's nat- 
ural tropism for host cells, environmental factors, and 
the efficiency by which these insertions operate. It is 
estimated that as many as 10 separate factors may be 
involved in the development of certain malignan- 
cies. 5 ^ 0 Thus, retroviral-mediated gene transfer, which 
in some cases is designed to insert only one vector per 
cell, will have a very low probability of causing all of 
the cellular changes needed to induce malignant trans- 
formation.^^ 

It is known, however, that certain human retrovirus- 
es can produce malignancies such as T-cell lymphoma 



or AIDS. The absolute risk of cancer development with 
murine retroviruses or murinc-derived retroviral gene 
transfer to humans is very low, but it cannot be accu- 
rately determined until more experience is gathered 
by using these techniques. Also, there is a risk for 
secondary malignancy development when radiation 
therapy or many chemotherapeutic agents (e.g., alky- 
lating agents) are used for treating cancer. Whether the 
risk for secondary malignancy is any higher (if it exists 
at all) with retroviral-mediated gene transfer is yet to 
be determined. No evidence of malignant transforma- 
tion has been seen in any of the humans treated since 
gene transfer trials began in 1989/° 

Toxicities of Concurrent Therapies. The potential 
toxicities associated with other biological agents given 
to support the growth of the gene-altered cells should 
also be considered. For instance, if the transduced cells 
need to be given in the presence of aldesleukin (recom- 
binant human inrerleukin-2), then consideration must 
be given to the potential combined toxicities related to 
aldesleukin and the gene product. Likewise, if the 
gene-altered cells are to be returned to the patient 
through BMT, then the adverse effects associated with 
the high-dose antineoplastic preparative regimen giv- 
en before BMT should also be addressed. Consider- 
ation must also be given to the potential toxicities of 
the intended gene product. For example, if the gene for 
tumor necrosis factor (TNF) is being introduced into a 
lymphocyte, consideration must be given to potential 
systemic TNF toxicities, even if the therapy is intended 
to be localized. 51 * 1 

In the first government-approved trial in humans, 
the NeoR gene, which has no intrinsic therapeutic 
properties, was used as a marker to identify trans- 
duced cells to demonstrate the safety and feasibility of 
ex vivo retroviral-mediated gene transfer. In this 
study, 10 patients with malignant melanoma were 
treated with NeoR-transduced TIL. As in prior TIL 
studies, aldesleukin was given to patients concurrent- 
ly with the TIL to support their in vivo growth. 24 ' 45 
Therapy-related adverse effects were no different from 
those normally seen with TIL plus aldesleukin thera- 
py. Rigorous testing showed that the viral supernatant 
used for gene transduction and TIL was sterile and 
contained no helper virus. PCR analysis and reverse 
transcriptase assays demonstrated no amphotropic 
helper virus in the infused TIL. Results of Western blot 
analysis for viral gag protein and S 4 /L~ assay for virus, 
performed on the patients' serum multiple times 
throughout the study up to 180 days after cell infusion, 
were negative. Thus, it was demonstrated for the first 
time that ex vivo retroviral-mediated gene transfer 
into T lymphocytes, under the proper conditions, did 
not produce evidence of disease after infusion in hu- 
mans. Similar safety assessments with adenoviral vec- 
tors are currently in progress. 

^ Safety Record. The accumulated experience with 
retroviral-mediated gene transfer from the equivalent 
of 106 monkey-years and 23 patient-years has demon- 
strated no adverse effects, no pathologic effects, and 
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) no malignancy development related to gene transfer. 4 ' 1 
* However, as with any new experimental therapy, the 
) . potential risks associated with human gene therapy, 
| including the risk of cancer development, must be 
! judged against the potential toxicities associated with 
■ alternative treatments and disease severity. 

i 

■\ Clinical Applications of Gene Transfer and Gene 
Therapy 

! The possible applications of human gene therapy to 
\ treat human diseases are virtually limitless. 1 - 2 - 30 -*'* 2 Ini- 
tial studies were directed at correcting inherited disor- 
: ders and were subsequently expanded to better 
> understand and possibly treat malignant diseases. 

Clinical studies for nongenetic, nonmalignant diseases 
\ have recently begun. In some trials (gene-marking 
< ; studies), cells are genetically marked so that they can 
\ be tracked throughout the body to enhance under- 
' standing of disease biology (Table 3). In other studies, 
; a gene is transferred as a means of treating a human 
] disease; these studies are referred to as gene therapy 
; studies (Table 4). Gene-marking and gene therapy 
I studies are beginning to span the globe, with ongoing 
'[ trials in Italy, France, Netherlands, China, England, 
! and Germany. 

1 Genetic Disorders or Disorders with Associated 



Genetic Component. For only a few of more than 4000 
known human genetic disorders have the responsible 
genes been cloned to allow possible correction with 
gene therapy . 27 - h - Vfth Clinical -gene therapy trials have 
already been initiated in severe combined immunode- 
ficiency syndrome (5CID) associated with ADA defi- 
ciency* hemophilia B, familial hypercholesterolemia 
associated with a defect in the low-density-lipoprotein 
(LDL) receptor gene, and cystic fibrosis. 

ADA-Deficient SCID. Researchers considered ADA- 
deficient SCID to most closely fit the criteria for an 
ideal candidate for genetic therapy.' "• 4M * The first hu- 
man gene therapy attempt took place on September 14, 
1990, in the pediatric intensive care unit at the Warren 
G. Magnuson Clinical Center of N1H. A four-year-old 
girl with ADA-deficient SCID and persistent immuno- 
deficiency despite pegademase bovine therapy for 
more than two years was given a transfusion of her 
own peripheral-blood T lymphocytes that had been 
transduced ex vivo using retroviral-mediated gene 
transfer with the gene encoding normal human 
ADA. ,l,JU It was hoped that restoration of ADA en- 
zyme activity would restore cellular immunity and 
allow this child to return to a more normal life. 

She received 11 infusions over the next two years, 
resulting in her regaining and maintaining some nor- 
mal immune functions. Her intracellular ADAconcen- 
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Table 3. 



Month First 
Patient Started 


Institution 3 


Condition 


5/89 
9/91 

. 12/91 
1/92 
3/92 
5/92 


NIH 

St. Jude 

Centre Leon Berard 
St Jude 
Pittsburgh 
Indiana 


Malignant melanoma 
Pediatric acute myelogenous 

leukemia 
Malignant melanoma 
Neuroblastoma 
Malignant melanoma 
Adult acute leukemias 


7/92 
9/92 

12/92 
2/93 

Pending 
Pending 


M. D. Anderson 
NIH 

NIH 
UCLA 

Baylor 
NIH " 


Chronic myelogenous leukemia 
Multiple myeloma or chronic 

myelogenous leukemia 
Breast cancer 
Malignant melanoma or 

renal cell cancer 
Liver failure 
HIV* infection 


Pending 
Pending 
Pending 


M. D. Anderson 
Fred Hutchinson 
St. Jude 


Chronic lymphocytic leukemia 
Nonmyeloid malignancies 
Neuroblastoma 


Pending 
Pending 


St. Jude 
St. Jude 


Pediatric acute myelogenous 

leukemia 
Bone marrow transplant ' 



Cells Marked b 



TIL 

Bone marrow 
TL 

Bone marrow 
TIL 

Bone marrow and autologous 

peripheral blood 
Bone marrow and PBSC^ 
Bone marrow and PBSO 

Bone marrow and PBSC 11 
PBL and TL (CD4+ 

and CD8 + subsets) 
Hepatocytes 

Syngeneic CD4 + and C08 + T 

lymphocytes 0 
Bone marrow and PBSC° 
IL-3 or G-CSF-stimulated PBSC 
Purged and unpurged bone 

marrow 
Bone marrow purged by two 

different methods c 
EBV-specific cytotoxic T 

lymphocytes 



•Ril names and locations are National Institutes of Health (NIH), Bethesda. MD: St. Jude Children's Research H °^« 
Lvon France- University of Pittsburgh. PA; Indiana University. Indianapolis; The University of Texas M. D. Anderson Cancer Center, Houston. Baylor Unrver 
si W Waco TX; University of California-Los Angeles (UCLA); Fred Hutchinson Cancer Center Seattle. WA. ' - inUsrlpnkin o g CSF = Granulocyte 

n^^umoV-infiltratinglymphocytes.PBSC = peripheral-blood stemcells, PBL = peripheral -blood leukocytes, IL-3 - .nterleukm-3.G-CSF - granulocyte . 
colony-stimulating factor, EBV - Epstein-Barr virus. 

c Marked with G1Na and LNL6 NeoR vectors. 

o H |V — human immunodeficiency virus. 
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Table 4. 

Gene Therapy Studies 8 



Month First 
Patient Started 



Institution 0 



- Disease 



Transferred 
Genes 



Target or Delivery Cells 



9/90 
' 1/91 
-0791 
12/91 
2/92 
3/S2 

3/92 
&'92 
6/92 
12/92 

12/92 
2/93 

2/93 

3/93 
4/93 

Pending 
Pending 
Pending 
Pending 



NtH 
NIH 
NIH 

Fudan-Changhai 

Leiden 

San Raftaele 

NIH 

Michigan 
Michigan 
St. Juae • 

NIH 

MSKCC 

Washington 

Netherlands 
NIH 

Rochester 

Viagene 

M. D. Andersor. 

Pittsburgh 



ADA-defcient SCID 
Malignant melanoma 
Advanced cancer 
Hemophilia B 
ADA-deficient SCID 
ADA-deficient SCID 

Advanced cancer 
Malignant melanoma 
Familial hypercholesterolemia 
Relapsed or refractory neuroblas- 
toma 

Primary or metastatic brain tumor 
HLA-A2- positive malignant 

melanoma or renal ceil cancer 
AIDS-related lymphoma 

ADA-deficient SCID 
Cyst'C fibrosis 

Ovarian cancer 
AIDS 

Lung cancer 
Advanced cancer 



Pending ■ Iowa 



Pending 
Pending 
Pending 
Pending 
- Pencing 



Michigan 
lowa 

Cincinnati 
. Johns Hopkins 
North Carolina 



Cystic fibrosis 
Cystic fibrosis 

Primary or metastatic brain tumor 
Cystic fibrosis 
Renal ceil cancer 
Cystic fibrosis 



ADA P8TC cr PBSC 

TNF TIL 

TNF Tumor 

Factor IX . Autologous skin fibroblasts 

ADA Bone marrow and PBL 

Ada PBTC and progenitor-enriched 

bone marrow 

ll_.2 Tumor 

HLA-B7 Melanoma in vivo via liposomes 

LDL receotor Hepatocytes 
lt__2 Tumor 

Tumor in vivo 
Allogeneic tumor 

CD8 + HlV-specific cytotoxic T 

lymphocytes 
Bone marrow 

Respiratory epithelial cells via 
direct inhalation 
HSV-TK Ovarian cancer 

HIV env Fibroblasts 
Antisense K-ras or p53 Tumor 
ji__4 Autologous fibroblasts and 

Autologous tumor 
CPj-pc Nasal epithelial cells via direct 

inhalation 

CFTFP Lun 9 segment 

HSV-TK Tumor in vivo 

CFTFF Respiratory epithelial cells 

GM-CSF Tumor 

qpjrc Nasal epith-sliai cells 



HSV-TK 
IL-2 . 

HSV-TK and HPH 

ADA 
CFTR C 



•ADA-adenos-.edean.nasede.iciercy.SaC - ^^^^^ Sfffi'SSK 
eels.TNF = .umornecosis.actor.HL = ^'^^ H|V . h J^™/^ 

and tocations are ^na, fc^es ^^^^ 
China: University Hospital. Leiden, Netherlands; San ^<^^ nMc .^^^^y^Z^ c ^ University of Texas M. D. Anderson Cancer 
Hospital. Memphis.TN;UnM 

^XX^S^^^^^^ ^ * ^ Camlira ' ChaPe ' ^ 

c Disableb adenovirus construct. 



tration rose from undetectable to 20-30% or the normal 
value. Her T lymphocyte count rose to normal value. 
Some other indicators of immune status also im- 
proved, including antibody response to blood group 
antigens (isohemagglutinin titers), response to some , 
skin test antigens, and in vitro T lymphocyte responses 
to influenza and allogeneic cells. She is now doing 
well, is able to play outdoors and swim in the commu- 
nity pool suffers fewer infections, and has entered 
public school. A second patient started treatment in 
January 1991 and is showing similar laboratory and 
clinical improvement.* 7 

Since T lymphocytes are fully differentiated and 
therefore have a limited life span, it was thought that 
the beneficial effects of the transduced cells (if any) 
would be short-lived and that there would be gaps in 
the patient's immune repertoire. In the first patient 
treated, the infusions of transduced T lymphocytes 
were not given during a six : month period to deter- 



mine the halt-life of the infused cells. The number of 
peripheral-blood T lymphocytes gradually fell toward 
baseline over the six months, suggesting that the half- 
life was at least three months. Intracellular ADA con- 
centrations did not decline during this period. These 
findings suggested that there is a selective survival 
advantage for the genetically corrected cells in vivo. 

As a possible method of conferring lifelong gene 
correction, the NIH study has since been amended to 
transduce monoclonal-antibody-separated CD34 + pe- 
ripheral-blood stem cells harvested under the influ- 
ence of filgrastim. 68 The transduced peripheral^blood 
stem cells will be marked with a different ADA vector, 
enabling the researchers to determine which cell type, 
peripheral-blood stem cell or peripheral-blood T lym- 
phocyte, is providing the greatest benefit:^ trial using 
this technique has already begun in Italy, with the first 
•patient enrolled in March 1992.^ It is hoped . that 
stem cell transduction will produce lifelong correction 
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of the enzyme defect and possibly become a one-shot 
cure for ADA deficiency and other genetic disorders. 
Other investigators are pursuing gene transfer into 
hematopoietic stem cells as welL''** . 

Hemophilia, Thalassemia, and Sickle Cell Anemia. While 
the work with ADA deficiency has provided invalu- 
able insight into the possibilities for gene therapy, 
ADA deficiency is exceedingly rare compared with 
other genetic orders. A group of much more common 
eenetic blood disorders, such as hemophilia, thalasse- 
mia, and sickle cell -anemia, have feen targeted for 
gene therapy/ 0 " A gene therapy trial for hemophilia B 
becan in December 1991 in Shanghai, China. 

Gene therapy approaches to the hemophilias are dif- 
ferent from the approaches to ADA deficiency. He- 
mophilias A and B are caused by a variety of mo- 
tions occurring in the genes encoding clot ting ; factor 
VIII or IX, respectively, resulting in clotting factor defi- 
ciency Ideally, the mutant gene would be repaired by 
Sg U with normal DNA. Although preliminary 
work has shown that this is possible >n vitro , it « 
Zhly unlikely that this process will be available for in 
vivo use given the diversity of mutations encountered 
As an alternative, researchers are investigating gene 
msertion techniques that allow cells to produce the 
S f-tor(s) 1 Although the liver might be Ac ideal 
Srget for correcting these hemophilias much ot the 
work thus far has been done by using transduced fi- 

^Pretiminary evidence suggests that adequate factor 
IX paction can be achieved in vivo by 
i techniques; however, persistent gene expression is a 
' probkm that still needs to be solved. Studies initially 
• & mice have demonstrated that an immune re- 
i sponse can be mounted against the new y produced 
! human protein, indicating that gene replacement ef- 
I forts may be more beneficial in patients who produce 
: insufficient amounts of protein P^ u ^^*" ™ 
protein at all « Clinical studies using gene therapy to 
corcS the other genetic blood disorders have not 
staTtS yet! these diseases present difficult obstacles to 
cv come because the missing or abnormal proton 
product comes from a series of complex, tightly regu- 
fated gene-containing clusters and. the optimal gene 
deliver, system has not yet been determined. • - 

Familial Hypercholesteremia. A gene therapy trial for 
the treatment* familial hypercholesterolemia which 
affects young children, has recently begun. FamOial 
hySrcholesferolemia results from a defect in the LDL- 
receptor gene. Deficient LDL-receptor P~?«t»? n J£ 
sults P in alack of LDL catabolism causing high plasma 
concentrations of LDL and total cholesterol. This re 
suks m premature development of coronary artery 
d! ease. In this study, hepatocytes are removed from 
The patient and transduced with a retroy.ra vector 
containing a human LDL-receptor gene. Studies have 
demonstrated that this technique is £ 
transduction efficiency rate approaching . 
The transformed hepatocytes are then able to express 
Sffident quantities of recombinant LDL-receptor pro- 



\ 



tein on the cell surface. It is hoped that this will serve 
as an adjunct therapv.™" According to a preliminary 
report on the first patient treated, the transferred gene 
was functioning in the patient's.liver her plasma cho- 
lesterol concentration has fluctuated from 20% to 40% 
below her baseline values, she has experienced no un- 
toward effects as a result of the therapy, and she was 
recently started on cholesterol-lowering agents (now 
that she has LDL receptors). 75 

Cvstic Fibrosis and Antitrypsin Deficiency. Cystic fi- 
brosis and antitrypsin deficiency are the two most 
common genetic pulmonary disorders in the United 
States.*" Gene therapy may offer a P^mis.ngjp- 
proach for long-term treatment for both diseases 
Five cystic fibrosis gene therapy trials have recently 

^Cv^Srosis is a disorder caused by a defect in the 
gene for the cystic fibrosis transmembrane conduc- 
tance regulator (CFTR) protein, resulting in ^ altered 
electrolyte transport in the epithelial, cells of the pan- _. 
creas, gastrointestinal tract, and tracheobronchial 
tree ™ Alpha-1 -antitrypsin is a neutrophil elastase in- 
hibitor, and deficiency results from inadequate ^o-l- 
antitrypsin production by the liver." Neutrophil 
elastase is a protease that can destroy the connective 
tissue backbone of alveolar walls; thus, antitrypsin de- 
ficiency can result in progressive lung tissue ! destruc- 
tion and emphysema. Infantile hepatic cirrhos* can 
also occur with antitrypsin deficiency^ A possible 
eene therapy approach to correct these disorders 
would be to deliver the CFTR or ct-1 -antitrypsin gene 
directly into the epithelial cells lining the airways. - 
Alternatively, the a-l-antitrypsin gene can be directed 
toward hepatocytes in a more classic gene replacement 

ftt However, unlike other tissues targeted for gene 
therapy, lung tissue proliferates very slowly, making it 
less than suitable for using retroviral vectors. Investi- 
gators have developed a technique to directly admin- 
ister the CFTR or «-l-antitrypsin gene to airway epi- 
thelial cells by using an adenoviral vector. As . 
mentioned previously, an adenovirus-based vector 
was chosen because adenoviruses can efficiently infect 
nondividing lung epithelial cells, ^enade-v^- 
based vectors carrying the normal CFTR gene were 
tested in cells frorn patients with cystic fibrosis, the 
infected cells demonstrated restoration of functional 
chloride channels. 33 A similar positive tebngw" 
demonstrated with vectors carrying the a-l-anntryp- 
sin eene. However, it should be noted that these local- 
zed S sTrategies would correct only the pulmonary com- 
phca lions for these disorders and would not affect the 
hepatic complications associated with antitrypsin defi- 
ciency or gastrointestinal complications associated 
with cvstic fibrosis. 

Although this technique may pave the way for more 
dirert in vivo gene transfer studies, whether it wxU 
work in human lung is yet to be demonstrated. Prob- 
lems mav arise in patients who have been previously 
e^osed'to adenovirus infection. If immunity devel- 
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ops, gene transfer efficiency may be compromised. If 
repeated inoculations are necessary- to provide ade- 
quate viral episomes, mild immunosuppression mav 
be necessary, which would be less than ideal in a pa- 
tient already prone to infections. 

Hepatic Disease. A soon-to-begin study will use retro- 
viral-mediated gene transfer to mark hepatocytes as 
part of a hepatocellular transplant protocol. 77 It is 
thought that engrafting as little as 5% of normal hepa- 
tocytes into a diseased liver may restore enough func- 
tion to provide time to find a suitable liver donor. 
Marking the donated hepatocytes with a retroviral 
vector, such as the NeoR gene, will allow researchers 
to track the progress of the hepatocytes and' possibly 
optimize stirgical techniques. 

Other Diseases. Gene therapy is being explored for 
other diseases. It is closest to clinical trials for certain, 
forms of chronic granulomatous disease (CGD) and 
Gaucher's disease, a hereditary lack of the enzyme 
used by lysosomes to break down glucocerebro- 
side. 6 ^^' 79 For patients with CGD, researchers are 
working to insert the gene responsible for superoxide 
production into bone marrow or peripheral-blood 
stem cells. 79 Two approaches are being explored for 
Gaucher's disease/ 0 - 7 * One investigator is working on 
transducing bone marrow stem cells to produce the 
deficient enzyme. Another is working on maintaining 
lowered plasma lipid concentrations by using bioengi- 
neered fibroblasts or endothelial cells.'*- 7 * 

Much research is under way to examine the poten- 
tial applications of gene therapy in treating many oth- 
er genetic disorders. With the expanding possibility of 
transducing target tissues in vivo, increasing the effi- 
ciency of gene transfer, and specifically directing in 
vivo delivery of the genes, a dramatic increase in the 
application of gene therapy to- correct genetic disor- 
ders should occur within the next 10 years. 

Cancer. The discovery and application of biological 
therapy to treat human cancers has provided insight 
into the many possible approaches for using gene ther- 
apy to diagnose and treat cancer and to monitor cancer 
therapy In fact, if cancer is a disorder of somat- 
ic-cell genetics resulting in uncontrolled growth, it is 
clear that gene therapy will have a definite impact on 
cancer therapy in the future. Perhaps there is no area 
in which gene-marking studies are more relevant for 
understanding disease biology. 

Gene-Marking Studies. The first human gene-marking 
study attempted to better define the in vivo distribu- 
tion and survival of TIL through retroviral-rnediated 
gene transfer. 45 In the first reported cases, it was dem- 
onstrated that the marked cells can persist in the circu- 
lation for at least 21 days and, in one patient, for up to 
189 days. Gene-marked TIL was recovered from tumor 
deposits up to 64 days after administration. Five addi- . 
tional patients have subsequently been treated, with 
similar results." * 4 

The persistence of the gene-marked TIL has prompt- 
ed the use of gene-marked or "reporter" cells to better 
understand other aspects of cancer biology (Table 3). 
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Several institutions, including one in France, are using 
NeoR-transduced TIL in patients with melanoma or 
renal-cell cancer. While these studies demonstrate an 
institution's ability to perform gene transfer experi- 
ments, some investigators have expanded on the origi- 
nal concept. For example, Lotze et al. s5 at the Universi- 
ty of Pittsburgh are using a combination of both 
interleukin-2 (IL-2) and interleukin-4 (IL-4) to cultivate 
TIL. They will then determine if this combination al- 
ters the transduction efficiency and tumor infiltration. 
Investigators at the University of California at Los An- 
geles (UCLA) are marking peripheral- blood leuko- 
cytes with one MeoR vector (GINa) and TIL with a 
slightly different NeoR vector (LNL6) to quantify tu- 
mor infiltration by these two cell types. 

Autologous BMT is a possible curative modality for 
several malignancies. Despite bone marrow removal 
during remission, marrow purging, and marrow puri- 
fication, many patients relapse after the transplant. To 
unravel the complexities of transplantation and to de- 
termine the source of relapse in patients treated with 
autologous BMT for hematological malignancies, such 
as acute or chronic myelogenous leukemia, or for solid 
tumors, such as neuroblastoma, investigators will use 
the NeoR-enrrying vector to mark bone marrow 
cells. wl - s2 With increased transduction efficiency and 
very sensitive detection techniques such as PCR, it is 
estimated that as few as 100 tumor cells need to be 
marked in order to detect them in the circulation fol- 
lowing transplant.^ Demonstration that marrow can 
be the source of relapse in these patients might lend to 
more efficient purging of the marrow before it is in- 
fused, whereas demonstration that the relapse comes 
from circulating peripheral cells might lead to more 
rigorous ablative therapy. Data are available from two 
patients with acute myelogenous leukemia treated at 
St. Jude Children's Research Hospital (Memphis, TN) 
who have relapsed after BMT and the., NeoR gene 
marker has been identified in the resurgent blast cells, 
suggesting that bone marrow obtained during remis- 
sion can contribute to disease relapse.* 7 As a result, a 
new gene-marking study to compare two different 
marrow purging techniques was developed and has 
recently been approved. 

Peripheral-biood stem cells are used alone or in con- 
junction with bone marrow to hasten hematological 
recovery following bone-marrow ablative chemother- 
apy. While the clinical effects of using peripheral- 
blood stem cells are well documented, no studies have 
definitively determined that these cells are an extra 
source of marrow reconstitution. Studies suggest that 
peripheral-blood stem cells can be transduced with the 
NeoR gene vector.** In a series of studies conducted at 
NIH, patients with chronic myelogenous leukemia, 
multiple myeloma, or breast cancer will have both 
their peripheral-blood stem cells and their bone mar- 
row removed and transduced with the NeoR gene be- 
fore receiving high-dose antineoplastic therapy. Simi- 
lar to the NeoR marking studies at UCLA, the 
peripheral-blood stem cells will be marked with a 
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slightly different NeoR vector than, the bone marrow, 
i This will enable the investigators to determine the rel- 
j ative contributions of each of the cell types. They will 

• also be able to determine the source of relapse, should 
! that occur, in each of these studies. 

Additional studies at NIH are planned using the 
/ multidrug resistance gene-1 (MDR I ) to mark peripher- 
) al-blood stem cells and bone marrow cells from pa- 

* tients receiving BMT for breast cancer. Murine studies 
j have demonstrated that transduction of the MDR1 
j gene into bone marrow can confer resistance to pacli- 
( taxel and provide in vivo enrichment of transduced 

cells. 1 * 9 If the clinical study is successful, it may be 
f possible to use a dominant selectable marker, whereby 
j researchers can amplify cell clones in vivo that have 
j been cotransduced with the MDR1 gene and an addi- 
tional therapeutic gene. 
; Gene Therapy Studies. Many studies are under way 
i involving gene therapy for treatment of malignancies. 
; Novel approaches to treating cancer with gene transfer 
: techniques are summarized in Table 5 
f \ Adding new genes to cells to give them new functions 
j can have many applications in cancer therapy. Early 
\ work toward developing adoptive- immunotherapy 
• with lymphokine-activated killer (LAK) cells and then 
j TIL has provided the foundation for several ongoing 
j human gene therapy trials. 28,44 '* 5 Like a sophisticated 
j drug-delivery system, TIL are being used to deliver for- 
) eign therapeutic genes directly to tumors. In the first 
trial, the gene for tumor necrosis factor (TNF) is inserted 
j into TIL (TNF-TIL). In previous clinical studies, TNF 
\ was an ineffective antitumor agent, perhaps because 



Table 5. 

Possible Genetic Therapies for Cancer 3 

Gene addition 

To lymphocytes to produce active cytokine within tumor 

(e.g.. TNF or IL-2 gene added to TIL) 
To tumor cells to make them more immunogenic 

(e.g., TNF, !L-2, or HLA-B7) 
To produce new cytotoxic or cytostatic product 

within tumor (e.g., VDEPT or sensitivity genes) 
To produce protein product with new function 

(e.g., bone marrow protection by CSF.or MDR1 

expression) 

To introduce tumor suppressor genes (e.g., p53) 
Down-regulation of specific gene expression using 
informational drugs 
Antisense oligonucleotides targeted at mRNA 
Specific ribozymes targeted at mRNA ■ 
Oligonucleotide-triplex DNA formation targeted 
at DNA 

Oligonucleotides targeted at RNA polymerase 

or transcription factors 
Proteases targeted at proteins 
Gene replacement for mutant oncogenes or tumor 
suppressor genes 
Homologous recombination 
Excision 

Gene-function blocker 

8 TNF — tumor necrosis factor. IL-2 = interieukir>2.TlL = tumor-infiltrat- 
ing lymphocytes. HLA — human lymphocyle antigen. VDEPT — virally di- 
- reeled enzyme prodrug therapy, CSF — colony-stimulating factor, MDR1 
* multidrug resistance gen©-1 . mRNA — messenger RNA. (Adapted from 
reference 78, with permission.) 



dose- limiting hypotension prevented attainment of suf- 
ficient cytotoxic concentrations in vivo. However, ani- 
mal studies .using TNF-TIL have demonstrated that 
localized TNF concentrations of up to 1000 Rg/g of tis- 
sue can be achieved (concentrations above 400 M-g/g of 
tissue can result in tumor necrosis). Initially, the RAC 
allowed administration of TNF-TIL alone; when safety 
was demonstrated, the investigators were allowed to 
add systemic aldesleukin in increasing dosages. 

Data reported from five patients treated with TNF- 
TIL alone and TNF-TIL plus aldesleukin revealed that 
both therapies were safe to give to patients and neither 
produced TNF-related hypotension as seen with TNF 
alone. When a tumor-site biopsy obtained from a re- 
sponding patient was examined, the tumor regression 
seen was consistent with classic TNF-induced coagu- 
lative necrosis and not the lymphocyte infiltration 
seen with TIL therapy. 28 ' 44 This suggests that a local 
TNF effect was responsible for tumor regression. 
However, the merits of this trial have recently been 
questioned, as it appears that the transduced TIL are 
unable to uniformly express TNF at the projected 
amounts necessary for tumor regression and the TNF 
transduced TIL may have a different distribution pat- 
tern compared with that previously demonstrated for 
untransduced TIL. 90 

Other possible genetic modifications of TIL to im- 
prove antitumor activity include the introduction of 
(1) other immunomodulatory cytokines or proteins, 
such as ^interferon or y-interferon, interleukin-l a , in- 
terleukin-6 (IL-6), or interleukin-7; (2) Fc receptor, 
which mediates antibody-dependent cellular cytotox- 
icity; (3) chimeric T-cell receptors, which have altered 
T-cell specificity; and (4) the IL-2 receptor, which 
makes TIL more sensitive to IL-2. Z * MM 

Because of the difficulties with gene transfer into T 
lymphocytes, researchers have been investigating cy- 
tokine expression in tumor cells."'* 4 Cytokine genes 
inserted into tumor cells can make the tumor cells 
more immunogenic by increasing their recognition by 
host defenses. 2M4 - B5 * w These observations, made in mu- 
rine models using genes for interleukin-l 0/ IL-2, IL-4, 
IL-6, TNF, 7-interferon; or granulocyte-macrophage 
colony-stimulating factor (GM-CSF), led to several 
clinical trials in which patients were immunized with 
their own tumor cells after those cells were modified 
by ex vivo retroviral-mediated gene transfer. 

In Rosenberg's first trial, tumor cells were modified 
by insertion of the TNF or IL-2 gene. 28 - 4 * Small quanti- 
ties (less than 2% of the estimated total tumor burden) 
of these gene- modified tumor cells were then injected 
subcutaneously into the thigh and intradermally into 
nearby sites. Three weeks later, the draining lymph 
nodes were removed and grown in IL-2. The resulting 
TIL were then given back to the patient with systemic 
aldesleukin doses, just as in previous TIL protocols. 2 *- 44 
Preliminary observations reported from five patients 
who had completed the first part of the study, in 
which TNF gene was inserted into tumor cells, suggest 
that a marked immunologic response can be mounted. 
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against these modified tumor cells. 2 * 51 

Taking a different approach for increasing tumor 
immunogeniciry, investigators at the University of 
Michigan will introduce the gene for human lympho- 
cyte antigen (HLA)-B7 directly into tumors in vivo by 
using DNA-liposome complexes." It has been demon- 
strated in mice that when a cytotoxic T-cell response is 
induced, the gene product stimulates immunity to oth- 
er antigens present on unmodified tumor cells and 
tumor regression occurs. The University of Michigan 
trial is one of the first gene therapy studies in which 
the gene transection occurs directly in vivo rather 
than by processing the cells ex vivo and returning 
them to the patient . . 

Immunizing patients with their own gene-moditied 
tumor cells can also be considered the first step toward 
developing a tumor vaccine. While the ongoing stud- 
ies might provide a method for individualized vacci- 
nation it is envisioned that one day the genes coding 
for tumor-associated antigens could be inserted into a 
virus, such as vaccinia, that might serve as a primary 
or secondary cancer prevention method. Studies are 
ongoing to identify these tumor-associated antigens 
and to determine if several tumor types share common 

antigens. 2 "' 4 ' 1 . . • 

Virally directed enzyme prodrug therapy some- 
times referred to as suicide or sensitivity gene therapy, 
is a manipulation that takes advantage of pro ^«bve, 
transcriptional, or enzymatic differences between tu- 
mor and normal cells to cause preferentia tumor cell 
death ">«•»•■« For one technique, a gene for a drug- 
activating enzyme (e.g., herpes simplex virus thymi- 
dine kinise [HSV-TK]) is inserted . nto a tumor cell 
either in vivo or ex vivo.— The actively divid mg 
tumor cell then expresses the proton product of that 
sene (e g., thymidine kinase). Upon uptake of a drug 
That is activated by this enzyme (e.g.. acyclovir or gan- 
Stovir sodium), the tumor cell dies. To restne gene 
expression of the drug-activating enzyme to tumor 
cells, a gene can be constructed that is composed of a 
tissue-specific transcriptional regulatory sequence 
e g promoter sequence) adjacent to 
codingfor the drug-activating enzyme - Thus it the 
promoter sequence for a-fetoprotein hepatoma), 
prostate-specific antigen (prostate cancer), or casino- 
embryonic antigen (colorectal or lung «n«r) is .d|a- 
cent to the gene encoding for a drug-activating 
enzyme, then normal tumor synthesis of the protein o 
antigen will result in synthesis of an enzyme that will 
activate the subsequently administered cytotoxic 

af A n rrial recentlv initiated at NIH in patients with either 
primary brain tumors or brain metastases secondary to.. 
lung cancer, breast cancer, malignant melanoma, or re- 
nal cell carcinoma is introducing the gene for HSV-TK 
Erectly in situ bv using retroviral-mediated gene trans- 
fer" It has been'demonstrated that only actively d.vid- 
n E cells integrate retroviral vectors and express 
HSV-TK In animals,.normal neural cells, which have 
S theVr capacity to divide, are spared - A tnal using 
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the HSV-TK suicide-virus gene concept has also been | 
proposed for patients with ovarian cancer. » 

Gene addition can also be used to provide an indi- i 
rect therapeutic advantage by manipulating normal 
cells to make them more resistant to cytotoxic chemo- . ! 
therapy. As already described, peripheral-blood stem 
cell and bone marrow-marking studies using the ; 
MDR1 gene are planned. 1 " Preliminary evidence sug- ^ 
gests that cell clones expressing MDR1 are resistant to 
the effects of cytotoxic drugs and can grow after treat- 
ment with these drugs. Patients in these studies will 
receive either paclitaxel or vinblastine sulfate if they 
have progressive disease following the bone marrow 
transplant. If the transplanted cells continue to express 
MDRl- and the population expands, the investigators 
expect to see progressively shorter and shorter nadir | 
leukocyte counts with subsequent paclitaxel or vm- • 
blastine sulfate treatments. Similarly, it is possible that . 
hematopoietic protective effects can be. achieved by 
transducing hematopoietic stem cells with genes cod- , 
ing for protective cytokines such as GM-CSF, granule- I 
cyte colony-stimulating factor, interleukin-3, or stem , 
cell factor." 0 Also, as many tumors result in part from t 
inactive or missing tumor suppressor genes, gene ad- | 
dition therapy might be able to provide these missing 

^Ttls^so^olsible to inhibit specific tumor growth 
functions at the genetic level by down-regulating the 
expression of oncogenes by introducing information- | 
al" drugs or compounds with antisense relationships 
to specific nucleotide sequences. These compounds in- 
clude oligonucleotides (which can block mRNA, | 
DNA RNA polymerase, or transcription factor activi- 
ty) ribozymes (which can cut RNA at a specific target 
site), or proteases (which can inactivate several essen- \ 



tial tumor proteins)." 0 82 . •■ j 

Human tumors can result from overexpression of | 
oncogenes, failure to express certain, tumor suppressor ; 
genes or point mutations that activate transforming J 
functions. w " w Another strategy for gene therapy ma- 
nipulation would be to replace mutant genes with a ; 
normal copy of the gene by homologous recombina- J 
tion or by molecularly excising the mutant gene aid 
replacing it with a normal copy."°« Homologous re- l_ 
combination has been shown to work well in vitro, but , 
it is currently too inefficient to use in clinical trials. « 

In the first attempt to target the genetic basis for f 
cancer researchers at The University of Texas M. D. . 
Anderson Cancer Center (Houston) will focus on two ^ 
mutations associated with lung cancer: the K-ras onco- | 
gene , which is present in 30-40% of lung adenocarci- , 
nomas, and the P 53 tumor suppressor gene which i » { 
deleted in 50-70% of all lung cancers>" w For patients 
with K-ras. the investigators will directly inject a retro- , 
viral vector supernatant containing a construct with | 
The mirror image of the K-ras mRNA into the tumor f 
This antisense K-r fl s should prevent the decoding of | 
the K-r«s message and should stop uncontrolled tumor , J 
proliferation. For patients with either a p53 gene muta- J 
Son or deletion, a correct copy of the P 53 gene will be , 
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transfected directly into the tumor. In both cases a 
murine retrovirus will be used to insert the gene, and 
Sal studies have demonstrated that approximately 
50% of tumor cells will integrate this new gene. This is 
the first attempt to individualize gene therapy based 
on a patient's specific gene mutation. 

While many of the clinical trials using gene transfer 
techniques to better understand cancer biology or to 
treat cancer are still in very primitive stages, many 
more studies will soon be initiated. As we gam more 
insight into the processes behind the interactions of 
DN A RNA, and proteins during transcription and as 
more oncogenes, tumor suppressor genes and tumor- 
associated proteins are discovered, it is likely ^hat we 
will be able to target cancer treatment directly at the 

^NongSeiic, Nonmalignant Diseases. Many nonge-- 
netic nonmalignant diseases are targeted for gene 
Therapy approaches. Among the most actively pur- 
sued areas P afe HIV infection and cardiovascular con- 
ditions. Gene therapy for other diseases are sure to be 

^XpfmSisknownaboutthemolecuUrbiolo^ 
surrounding HIV infection and perpetuation than any 
X infectious disease. Gene therapy strategies w, 
tata advantage of this knowledge by either modifying 
«K Protect them from infection or by targeting 
ranscriprional or translational inhibitors «™fgor 
tein production.'"" " ,: In the first aPF ov * d "J^™ 
2 gene therapy.trial. researchers at the Fred Hutchin- 
son* Cancer Center (Seattle, WA) are using CDS 
HIV-s P ecific, cytolytic T cells transduced with .both ^ 
marker gene and a suicide gene for pat.cn ts wrfh HIV 
related lymphoma undergoing allogeneic BMT. 11 » 
hoped that the high-dose antineoplastic therapy, total 
body irradiation, and these cytolytic T cells will erad.- 
cate y a U HIV-infected cells in the patient and prevent 
infecnon of the healthy marrow, and that the trans- 
planted marrow will repopulate the hematologic line, 
wtth HIV-free cells. The gene coding hygromyan 
phosphotransferase is being used to ™* *Jg£> 1 ? 
T cells to -follow cell survival. Since these cytotoxic I 
Wmphocytes are known to produce central nervous 
sWem o2city and lymphocytic alveolitis, transduc- 
Knn of the eene for HSV-TK will allow the investiga- 
Ts to aWate the transduced cells with acyclovir or 
gancclovir sodium should untoward occulta 
fnother trial, researchers will geneti cal y al er fibro 
blasts to manufacture gpl60,a protein that is part ot 
the HIV protective envelope." 3 

Investigators have also described techniques to con- 
st uct retroviral vectors 

CD4, the cell-surface receptor for HIV binding thus 
ooenin K the possibility for the patient's own cells -to 
rTnufacture this protein to block HIV infection ot sur- 
rSinTcdb-^ Researchers are also actively con- 
struct n! decoy molecules directed at the major 
fflV-Smic elements, such as reverse wnsenptase 
SnsSating factor (TAT), the TAT-bmd.ng area 
(TAR), or REV (a viral protein required for viral 



mRNA translation)." 1 "-" 0 Some researchers have pro- 
posed to use the HIV-1. virus itself as a retroviral vec- 
tor delivery vehicle for transducing anti-HlV genes 
into target cells, as it has been demonstrated that this 
vector can enter cells in the same manner that HI\ 



can 

Faraji-Shadan et al."" have described a novel tech- 
nique for intracellular immunization against HIV in- 
fection by using antibodies created ^ -mumzing 
naive B cells with reverse transcriptase or TAT. 1 nese 
selected antibodies, when introduced into the cyto- 
plasm and nucleus, would interfere wit hvta rep hca- 
iion This technique may be applicable to other 
retroviral diseases such as adult T-cell lymphoma. asso- 
ciated with human T-cell lymphotropic virus type I. 

Despite what is known about HIV infection and the 
overwhelming enthusiasm to use gene therapy to pre- 
vent or treat this devastating disease, there are still 
mTny unanswered questions and hurdles , to ^over 
come For instance, the critical level of T-cell protec 
ton that is needed to confer overall patient protection 
rom the clinical consequences of HIV infection is not 
known. Nonetheless, HIV infection will continue to be 
actively pursued for gene therapy. ... t . 

More people die from cardiovascular disorders than 
any other disease, makingjt a natural target area for 
gene therapy. Vascular grafting is commonly used to 
alleviate the symptoms associated with vascular 
blockages due to coronary artery or peripheral vascu- 
lar disease. In other cases, vascular stents are used to 
maintain vein patency. While these procedures are iru- 
SX effecHvefmore'than 30% fail because, the grafts 
- clot Researchers are currently investigating methods 
to engineer endothelial cells to secrete anticlotting 

„Hc -..u-h as TP A •-'"•'•• Vl " ;5 Preliminary data 
compounds, su<_n as ii«- , j im l05 

suueest that these genes can function in vivo. 

These genetically altered endothelial cells can then be 

implanted in the graft or stent to prevent clotting. This 

"presents yet another application of gene therapy 

that is, to prevent a complication associated with a 

SU oScU°s C To Overcome. Will we be able to cure or 
treat all diseases with gene therapy? There are still 
many obstacles to overcome. For instance, progress ,s 
slow in developing injectable vectors to simplify for- 
egone administ^ 

^overcome will be engineering the target ce lis to be 
able to regulate the gene expression according to phys- 
ologic needs. With diabetes mellitus, for example i 
might be possible to engineer cells to secrete a constant 
Sunt o P f insulin and prevent th. > effects ol ^ absolute 
msulin deficiency.- But getnngihese cells to . secrete 
insulin in response to the individual's diet F^t as the 
normal pancreas does is not close to being achieved 
yet. 

Conclusion 

. The initiation of clinical gene therapy trials has her- 
alded a new age in medicine. From the time the first 
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OinicalR^ — 

nearly 40 addiUowM^ tr.a . n 

and ^JKtaman genome is deciphered 

therapy studies. As tne uu ?j orkH f; pc i een e thera- 
fnd more pathologic genes are gSJ^ te . Pha , 
py trials will surely expand at a ogan 

Racists should ^^^ fScal applications 

medicine. 
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secreted by transacted COS or Chinese namster ovary ecus 
begins at a glycine residue at position 21; the non-glycosylated 
form has a molecular mass of 12,397 by elecuospray mass 
spectrometry, close to ihe predicted M r of 12,399, although it 
migrates as a 9K protein on SDS-PAGE (Fig. 1C). 

The production by monocytes of inflammatory cytokines such 
as IL-1, IL-6 and tumour necrosis factor-a (TNF-a) is a crucial 
initiating event in a number of infectious and inflammatory 
pathologies. Wc have found that IL-13 strongly inhibits 
secretion induced by bacterial lipopolysaccharidc (LPS) in 
peripheral blood mononuclear cells (PBMC) (Fig. 3a)- IL-13 
would appear to be acting directly on monocytes because an 
inhibition of IL-6 mRNA accumulation is observed rapidly 
(within 4 hours) in cultures of PBMC enriched in monocytes 
by adherence to tissue culture dishes (Fig. 36). A marked inhibi- 
tion is also seen for other inflammatory monokine mRNAs 
(3L-1/8, TNF-a, IL-8, gro-/3) in LPS-treated monocytes in the 
presence of IL-13 (Fig. 36, and other data not shown) The 
action of IL-13 would thus seem to be a generalized block on 
inflammatory monokine synthesis, a property shared with the 
other Th2 lymphokines IL-4 and JL-lO (ref. 13). IL-13 and IL-4 
show similar levels of inhibition of IL-6 synthesis (Fig. 3a). 
IL-13 also inhibits production of human immunodeficiency virus 
(HIV) by tissue-culture differentiated macrophages' 4 , contrast- 
ing with the stimulatory effects of macrophage-aciivaiing 
cytokines such as IL-3 and GM-CSF on HIV production that 
have been reported in comparable conditions 19 . 

The production of IFN-y by large granular lymphocytes 
(LGL) may direct subsequent immune responses, leading to 
macrophage activation and to a Thl-typc 1 cellular immune 
response 1 . The major cytokine influencing this production of 
IFN-7 is IL-2 (ref. 17). We have found that IL-13 has a small, 
direct eflect on IFN-y synthesis by LGL, and synergizes with 
both suboptimal and optimal doses of IL-2 (Fig. 3c). In this 
respect it resembles IL-12 (ref. 17), rather than IL-4, which 
strongly inhibits IFN-y synthesis by these cells (Fig. 3c). 

IL-13 also affects B lymphocytes, increasing their proliferation 
and the expression of the CD23 surface antigen (P. Ca rayon 
and T. Defrance, personal communication). IL-13 is thus a 
highly plciotropic cytokine. In its anti-inflammatory effects on 
monocytes and its stimulation of the humoral response through 
B lymphocytes, IL-13 contributes to the 'Th2-iype' response 
together whh lL-4and IL-IO(rers 18, 19). In, however, lis effects 
on IFN-y synthesis, it might be expected to promote a Th 1-type' 
cellular immune response 16 * 20 . A full understanding of the 
cytokine network in different pathological situations now needs 
to take into account the activities of IL-13. 

The anti-inflammatory function of IL-13 may be crucial in 
clinical inflammation, for example in septic shock 21 or 
rheumatoid arthritis". Its activity on LGL may be clinically 
interesting in that, unlike IL-4, it does not decrease and can 
even increase the IL-2-induced lymphokine-activated killer 
activity of these cells (our unpublished results). As 1U3 also 
inhibits HIV replication in vitro 1 *, and systemic immunity to 
parental tumour cells can be induced by IL-13 -secreting tumour 
cells in vivo (D. Fradelizi, personal communication) > IL-13 
would appear to represent a potentially important new member 
of the therapeutic cytokine arsenal. □ 
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Cystic fibrosis (CF) is a lethal inherited disorder affecting abort 
1 in 2,000 Caucasiflos. The major cause of morbidity is pennaac* 
lung damage resulting from ion transport abnormalities in air*iy 
epitbelia that lead to mucus accumulation and bacterial coloib> 
ation. CF is caused by mutations in the cystic fibrosis trans- 
membrane conductance regulator (CFTR) gene 1 thai encodes i 
cyclic-AMP-regulated chloride channel". Cycllc-AMP-regnlatrf 
chloride conductances are altered in airway epitbelia from CF 
patients 4 "*, suggesting that the functional expression of CFTR Ji 
the airways of CF patients may be a strategy for t real met L 
Transgenic mice 7- * with a disrupted cftr gene are appropriate ftr 
toting gene therapy protocols. Here we report the use of liposome 
to deliver a CFTR expression plasmid to epichelia of the llrwij 
and to alveoli deep In the lung, lending to the correction of the 
ion conductance defects found m the trachea or transgenic (r//e/) 
mice. These studies illustrate the feasibility of gene therapy for 
the pulmonary aspects of CF in humans* 

Plasmid DNA completed with cationic liposomes can be 
successfully delivered and expressed in airway epitbelia of 
rodents 1 . A suitable plasmid for expressing CFTR proleu 
was constructed in the vector pREPfc (see legend to Fig. 1). !■ 
this plasmid, pREP8-CFTR, the human CFTR complementary 
DNA is under transcriptional control or the constitutive Rob 
sarcoma virus (RSV) 3' long terminal repeat (LTR) promoter, 
known to be active in nonproliferating airway epithelial cells". 
To show ihai pREP8-CFTR expresses CFTR protein after 



* To whw* eerrtfloo*<tenee snome b« «Wr«5B«<J. 
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transection, plasmid DNA complcxed with cationic liposomes 
was introduced into HcLa ceils and CFTR protein detected by 
western blotting (Fig. \a). To ascertain whether the expressed 
CFTR protein was functional, cAMP-stimulated iodide efflux 
was measured in transacted cells (Fig. 16). In HeLa cells trans- 
acted with pREPS-CFTR, iodide efflux was stimulated by a 
cAMP-agonist cocktail., The cocktail did not stimulate efflux 
from cells transfected with the vector pREP8. The characteristics 
of this cAMP-stimulated anion efflux were similar to those 
reported previously for CFTR-expressing cells 11 -". Thus, cells 
transfected with pREP8-CFTR express functional CFTR 
protein. 

RNA in situ hybridization was used to demonstrate that the 
CFTR expression plasmid can be delivered to airway epithelial 
cells by liposome-mediated transaction in vivo. Because CFTR 
messenger RNA is expressed at high levels in human and rodent 
intestinal crypts M ~ 16 , mouse intestinal sections were used as 
controls to demonstrate probe specificity. No hybridization to 
mouse intestine was detected whh either of two human CFTR 
probes whereas, in consecutive sections, the mouse anttsense 
cftr probe (but not the sense probe) detected abundant cftr 
mRNA in the crypts (data not shown). Additionally, neither the 
antisense nor the sense hisD vector control probes hybridized 
with mouse intestinal mRNA, as expected (data not shown). 
This demonstrates that the human CFTR and vector hUD probes 
do not cross-hybridize with mouse cftr mRNA. 

After transfection of pREPS-CFTR DNA into the airways of 
mice of 20-28 days old, sequences corresponding to human 
CFTR were detected by in situ hybridization (Fig. 2). Strong 
hybridization signals were observed in isolated groups of airway 
cells using both the human CFTR probe (Fig. 2a-c) and the 

RG. 1 Expression of functional CFTR protein from plasmid pREPfl-CFTR in 
HeLa cells, a, Western blot confirming expression of CFTR after transfection 
of HeU cells using Lipofectln. Lanes 1, KT29 cells; 2, HeLa ceils transfected 
•din pREPS-CFTR; 3, HeLa cells transfected with the vector pftEP8. The HT29 
ceils served as a positive control for CFTR expression and migration"-* 1 
indicated by the arrow. The -115 and 65K bands are due to nonspecific 
cross reactions of the antibody 26 . H* 1.000 of markers is indicated, b. 
Time course of Iodid e efflux from HeLa calls. Cells were transfected with 
plasmid pREPS-CFTR (■) 0 r the vector pREPS {□>. The arrow Indicates the 
point at which a cAMP-agonist cocktail was added. The data are displayed 
as the mean of three Individual experiments (±s.e.m) expressed as a 
percentage of the total effuje. 

JCTHODS. Him an CFTR cDNA encoding the entire CFTR coding sequence 1 
(nucleotides 133-4,620) was Inserted into the plasmid pREPS (Invitrogen) 
ur^transcrlptional control of the RSV 3' LTR promoter, to create plasmid 
P**P6-CFTR The cDNA Incorporated three minor changes from the published 
sequence (C to G at nucleotide 136"; T to C at nucleotide 936"; A to C 
JL?£!ri de 1990 * 906 ,ne,ude *« Kozak translation initiation sequence 2 * 
(CCACCATG) Immediately 5' to the translation Initiation codon. For plasmid 
Infection, 1 x 10* HeLa cells were seeded Into each well of 35-mm, 6-well 
, Ufe difihfl5 m D ^ lbecco 's modified Eagles medium supplemented 
with 10% fetal calf serum, and incubated at 37 After 24 h growth cells 
In each well were transfected with 8ug plasmid DMA mixed with l3i*g 
Upofectl* (Gibco BRU and diluted to 3 ml in Optlmem l (Gibco SRL) After 
e lurthor 24-4fl-h incubation at 37 °C, cells were either conected for protein 
extraction or used for anion efflu* measurements. For proiein extraction 
cells were washed five times with ice-cold PBS and collected into a buffer 
containing 10 mM Tris-CI pH S.0, 10 mM KCI. 1.5 mM MgCl 3l and the protease 
waiters antipain (SOpgmr 1 ), aprotinin (lOugmr 1 ). bemamidine 
t310|*grn|-*) f leupeptin (5 |igmi wl ). pepsietln A (5 p.g mi" 1 ) and phenyl- 
meihylaulphonyl fluoride (175 H gmr*). CeIJa were lysed by repeated 
Passage through a 19-gauge needle. Cellular and nuclear debris were 
removed from the lysate by a 5-min centrlf ugation at 300^ and membranes 
Dtftetted by a 30-min centrlfugation at 100.OO0& The membrane pellet was 
^solved in 2.5%Trlion X-100 and separated by electrophoresis on a 6% 
SDS^olyacrylamlde gel. CFTR was detected by western blotting after trans- 
Jr^T 0 ™ ^UPW ^membrane (Amersham) using me well characterized 
«^CFTR anusera 181 M irnmunodetection was by enhanced chemilumines- 
oence (ECL; Amersham). To measure cAMP-stlmulated efflux, the transfected 
cells were preloaded with iodide by incubation for 40mln at room tern- 
JHWure in 3 ml loading buffer (136 mM Nal. 3 mM KN0 3 . 2 mM CfKNO.), 
11 mM glucose. 20 mM HE PES, pH7.4), Extracellular Net was removed by 
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hisD vector-specific probe (</-/). In a series of consecutive 
sections the hybridization signals observed with the human 
CFTR and hisD probes colocalized to the same airways and 
airspaces (Fig. 2a~f). No hybridization was detected with the 
mouse cftr probe. This provides strong evidence that the 
hybridization signals obtained arc highly specific and due t the 
iransfcctcd plasmid. Hybridization of these same probes t lung 
sections from untransfected animals served as a negative control 
against nonspecific hybridization; neither the human CFTR 
probe (g-#) nor the hisD probe (j-l) hybridized to any mRNAs 
in the lungs of untransfected mice. Hybridization signals were 
obtained with both the sense and antisense probes (Fig. 2a- f). 
Normally the antisense probe is used to detect mRNA whereas 
the sense probe serves as a negative control. Following transfec- 
tion, however, both the sense and anttsense probes would be 
expected to recognize vector DNA. The stronger signal observed 
with the antisense probe indicates transcription. This was seen 
for the hisD gene which is transcribed from a vector promoter. 
In most hybridizing cells, the signal obtained with the antisense 
human CFTR probe (Fig. 2b) was also greater than that 
obtained with the sense probe (c), implying that human CFTR 
mRNA is expressed following transfection. 

The data in Fig. 3 show hybridization to sections through 
different regions of the lungs of a mouse which had been 
transfected with pREPS-CFTR. No expression of endogenous 
mouse cftr mRNA was detected in any region of the lung (data 
not shown), consistent with previous studies showing low-level 
cftr expression in rodent lung 14 , and with detailed studies of 
these transgenic animals (A.E.O.T. et a/., manuscript in prepar- 
ation). This shows that the transfection protocol does not induce 
expression of endogenous mouse cftr mRNA. Human CFTR 
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6 x a ml rinses In efflux buffer (loading buffer with 136 mM NaN0 3 replacing 
the Nal). Cells were then washed with 1 ml efflux buffer for 1 mln using a 
sample-replace procedure. After the fifth 1-min sample (designated' time 
0). cAMP-egooists (1 mM 3-isocnmH-l-methylxaothlne (J8MX). 200 uM 
olbutyryl-cAMP. 10 ^M for^olln, dissolved in OMSO) were Included In the 
efflux buffer. The concentration of Iodide In each l-m| aliquot was determined 
using an lodlde-speclflc electrode (HNU systems). 
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expression was seen in the airways of three out of four animals 
iransfected with pREP8-CFTR and, in at least one transacted 
animal, human CFTR sequences were detected in all five lobes 
of the lung. Positive cells were detected in large and small 
airways (Fig. 2a-rf), and in cells lining the air spaces of the 
more distal regions or the lung (e-j). It appeared to be the 
surface epithelial cells of the airways that had been iransfected. 
Colocalization of the CFTR signal with the hisD probe (Fig. 2), 
confirmed that the signal was a consequence of transfection. 



FIC5. 2 Detection of human CFTR 
by in situ hybridization In mouse 
airways following in vivo trans- 
fection. a-/. Data obtained for a 
mouse Iransfected with pREPB- 
CFTR; 0-/, controls for an untrans- 
fected mouse. The probes used 
were against human CFTR exons 
1-6 (d-c and g-i) or the hisO 
vector sequences (d-f and 7-/). 
For each example, three panels 
ere shown: (1) a brlghtfleld view 
of a section hybridized with the 
anttsense probe, to illustrate 
tissue morphology (a, d, g. /); (2) a 
darttf ield view of the same section 
(o, e, h, k)\ (3) a darkfteld view of 
an adjacent section probed with 
the control sense probe (c. I L /). 
Scale bar, 200 n-m- Similar 
results were obtained with 
several animals. 

METHODS. Mice were given 
enough aver tin by intraperitoneal 
Injection to induce very light 
anaesthesia. For transfection, 
-100 M-g plasmld DNA was 
mixed with 25 tig Upofectin in a 
total volume of 50 n! and 
administered to' mice by tracheal 
Instillation in two loads by Inser- 
tion of a metal applicator, adapted 
from a 25-gauge blunted syringe 
needle, through the mouth and 
into the trachea to the point 
where the main bronchi branch 
off. The animals used weighed 
between 5 g and 12 g. Four days 
after transfection, tn situ 
hybridization was performed on 
perfusiorvfUed tissue by a 
modification of the method 
described by Simmons et aL*°. as 
described previously 1 *. 3B s- 
tabelled RNA probes were synthe- 
sized Inyftro by run-off transcrip- 
tion from plasmld DNA, Incor- - 
porating [ 3S S]UTP. The antlsense 
and sense (control) probes were 
derived from opposite strands of 
the same plasmid. The plasmlds 
used for probe generation were 
as follows. The two human CFTR 
probes, corresponding to nucleo- 
tides 62-645 (exons 1-6) and 
nucleotides 1,977-2,461 <e*on 
13} (numbering according to 
ref. 1), have been described 
previously". The mouse cflr pro- 
bes were derived by reverse tran- 
scriptase PCR from mouse testis 
mRNA and corresponded to 
nucleotides 305-691 of exons 3- 
5. The hisD vector probe *as 
subefoned from pREP6 end corresponded to nucleotides 3,167-3.851. All 
probes were cloned into Bluescrlpt vectors (Stratagene)- After developing. 
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Thus, transfection is effective and expression of human CFTR 
throughout the airway was achieved. 

To determine whether delivery of CFTR cDNA to the airways 
could correct the ion transport defects apparent in CF, we used 
a recently developed mouse model 9 ' 17 . These transgenic (cf/c/) 
mice are homozygous for a null mutation in cftr and express 
little or no detectable endogenous qfir mRNA (A.E.O.T. et al t 
manuscript in preparation). CFTR-dependent, cAMP-stimu- 
lated chloride conductances arc greatly reduced in the airways 




sections were counters tained with haematoxylln and eosln and photographed 
u^ntf -n Microphot FX microscope, 
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and caeca of these mice, compared with normal (+/+) animals, 
mimicking features of che human disorder 17 . The mice frequently 
die shortly after birth as a consequence of intestinal blockages . 
Ion transport in the trachea was measured by voltage clamping 
at zero potential, using pharmacological agents to eliminate or 
stimulate various processes (Fig. 4). Measurements were also 
made with the caecum of the same animal as an internal control. 
Figure 4A shows a set of typical results, and Fig. 4fl a compila- 
tion of the data. For each tracheal preparation, three measure- 
ments were made: amiloride-sensitive sodium absorption (label- 
led Na**) ( cAMP-stimulated chloride secretion (labelled CI" 
cAMP), and Ca 2 *-siimulatcd chloride secretion (labelled CI" 
Ca 2 "). As expected, CFTR-dependcnt, cAMP-stimulated 



chloride secretion was significantly reduced (P<0.0\) in both 
the tracheas and caeca of the cf/cf mice compared with the 
norma) (+/+) mice. There was no significant difference in the 
cAMP-stimulatcd chloride secretion between untreated and 
pREP8-transfected normal mice, indicating that transfection 
itself has no effect on ion transport. Most importantly, transfec- 
tion of cf/cf mice with ,pREP8-CFTR restored the cAMP-stimu- 
lated chloride secretion in the trachea to a level comparable 
with that of normal (+/+) animals. In sharp contrast, transfec- 
tion of the vf/cf mice with the vector pREPS had no significant 
effect on the cAMP-stimulated chloride secretion in the trachea. 
The caecum of cf/cf mice iransfected with pREPS-CFTR 
showed no appreciable cAMP-sitmulated chloride secretion 



FIG. 3 Detection of human CFTR in different regions of the 
mouse airway following transfection. Sections from different 
regions of the airway of a mouse transfected with pR£P8-CFTR 
were hybridized with human antisertse CFTR probes corres- 
ponding to either exons 1-6 ie-f,Lj) or exon 13 {g and h). 

Expression of human CFTR in small and large airways; 
e~l expression in airspaces In the more dfstal regions of the 
King. Some variation was found in the proportion of cells 
Iransfected In different animals which probably reflects 
differences in the amounts of DNA delivered. Scale bar. 
100 i*m. See legend to Fig. 2 for details of methods and 
hybridization probes. 
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FKl 4 Correction of the ion channel defects in the trachea of transgenic 
{cf/cf) mice. A, Sample 'traces showing examples of the data from which 
panel B was compiled. Three paired tracheal/caecal preparations are shown. 
Upper records show measurements for the caecum and lower records for 
the trachea of the same animal, a, cf/cf mouse transfected with pREP8-CFTR- 
b, +/+ mouse transfected with pREP8; c, cf/cf moose transfected with the 
vector pREP8. Four additions were made to each of the tracheel preparations 
at the time points indicated by dots. First amHorlde (100 \iM) was added 
(aplcaily) to block electrogenle sodium absorption and to ensure subsequent 
current Increases were not due to this activity. ECqq for amHorlde Is —1 uJd 
and 100 \iM will give essentially 10O% inhibition 31 . Second, forskolln (10 *xM) 
was added to both sides of the membrane to stimulate adenylate cydase 
and activate c AMP- sensitive chloride channels, Increasing chloride secretion. 
Third, the Ca 2 "*" tonophore A23187 (1 jjlM) was added to both sides of the 
membrane to activate Ce ^-dependent chloride secretion.. The ionophore- 
induced responses were much slower than those Induced by forskolin. Finally, 
frusemide (1 mM) was added basolaieralty to block chloride secretion, 
confirming the nature of the electrogenlc transporting activity. Frusemide 
(1 mM) Inhibits over 90% of CI" secretion 17 . Calibrations for the trachea 
ere the same In each panel. Caeca) preparations (upper records) received 
two additions, forskolin (10 pM added to both sides of the membrane) and 
frusemide (1 mM, added basolaterally). Other additions are specifically label- 
led: C, carbachol (10 ^MY, H, histamine (10 *aM). In both the caecum and the 
trachea the chloride secretory responses were Inhibited by frusemide. 
Indicating that they are due to electrogenic chloride secretion from the 
ba&olateral to the luminal side of the epithelium. In 6 out of 10 cf/cf caeca, 
frusemide led to a slight Increase In short-circuit current (5SC) (c, upper 
record): this is probably due to a blockage of secretion and Is typical of 
the ceecum of cf/cf mice 17 . B. Compilation of the data. Mice were subjected 
to three different treatment protocols: a, cf/cf mice transfected with 
PREP8-CFTR; b, +/+ mice transfected with the vector pREPS; c, cf/cf mice 
transfected with the vector pREP8. Four animals in each group were matched 
based on a compromise between weight and age. Data were only Included 
when paired airway and caecal measurements could be made for the same 
animal. The genotypes of the transfected mice, and of the piasmld DNA 
with whteh they were transfected, was unknown at the time the measure- 
ments were made. For each treatment regime, three sets of data are shown. 
(1) The left hand columns show SCC measurements for the trachea. Three 
measurements of SCC changes are presented: Na* amilonde-sensltive 
sodium absorption 31 : Cl~ camp, SCC change induced by forskoHn, presumed 
to reflect CFTR function 17 3Z ; C\~ Ca 2 \ SCC change induced by the addition 
of the calcium ionophore A23167, As about 50% of the basal current In 
the airways was due to sodium absorption, chloride secretion was measured 
after the addition of amiEoride (lOO ^M) which abolished electrogenlc sodium 
absorption. (2) The central columns show SCC measurements for the 
caecum. Only cAMP- sensitive chloride secretion (CI" cAMP). induced by the 
addition of forskolln (10 uirf). was measured. Amiloride was not added 
because the caecum shows no sodium absorptive current 17,33 , (3) The 
right-hand columns show the weights of the animals used (rnean±s.e.m!). 
Note: the ton transport characteristics of 4/6 pREP8-CFTR transfected cf/cf 
mice were altered by uensfectlon; the reason for the failure or the other 
two mice is almost certainly failure In delivery. Nevertheless, the forskolln* 
sensitive SCC (CP cAMP) In the whole group Including the two failures 
(9,2 ±2.6 jjiAcm' 2 . n = 6) was significantly greater {P<0.05, Mann and 
Witney test) than the value for cf/cf mtoe (1.9* 0.5 cm" 2 , r)=4). Finally, 
data for two other groups of animals were obtained although these are not 
Illustrated in the figure. Untreated, wild-type <+/+) mice (n = 5; weight 
±s.e.m. = 32.2 ±2,9 g) had transport parameters as follow© (mean± s.e.m.): 
for the trachea 1^-10.7^4.8 u-Acm" 2 , CI" cANP«= 11.4 ±4.3 pAcm - *. 
Cl~ Ca 3 * =12.1 ±4.7 u,A crn~ 2 ; for the caecum CI" cAMP=35.6± 
7.0 jlA cm" 2 , Heterozygous (cf/+) mice transfected with pREPB-CFTR (ft = 2: 
mean weight, 7.0 g) had the following transport parameters (mean*s.e/n.h 
for the trachea; Na 4 =4.5 u-A cm" 2 , a" cAMP«6,6 u.A cm"*. Crca 2+ = 
S.2^Acm^,- for the caecum CTcAMP* 104.6 H-Acm"*. Note that the 
forskolin- sensitive currents (CI - cAMP) in the trachea were smaller than 
those reported previously for wild-type mice 17 . This Is undoubtedly a con- 
seouence of edge damage caused by using only 2.27 mm 2 areas of trachea 
In the present study, necessitated by the small size of the cf/cf mice, 
compared with 4 mm 2 areas of trachea in previous studies. 
fvETHODS. Transgenic mice were geno typed by PCR and/or Southern blot 
analysis as described 17 . Introduction of piasmld DNA into the mouse airways 
was as described in the legend to Fig. 2. Trachea and caeca were removed 
from the transfected animals killed by exposure to 100% CO a . A single 
tracheal preparation (2.27 mm 2 ) and a single caecal preparation (20 mm 2 ) 
was prepared from each animal. The reduction In tracheal area, compared 
with a previous report 17 was due to the necessity of using animals as small 
as 5g. The trachea were cleaned and cut longitudinally along the dorsal 
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(jxA cm~^) 



surface and a piece placed under microscopic control in a specially construe 
ted Usslng chamber designed to preserve the curvature of the tissue. 
Electrogenlc ion transport was measured directly as SCC recorded by voltage 
clamping the tissue at zero potential, as described previously 17 . 
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compared with the control (+/ +) mice, confirming the genotypes 
of the mice and that the transfection procedure did not affect 
the gut. Thus, the transfection procedure used can restore CFTR- 
dependent, cAMP-stimulated chloride secretion by airway epi- 
ihelia to normal levels. 

In the airways of human CF patients there is an increase in 
imiloride-sensitive sodium absorption, as well as a decrease in 
chloride secretion, compared with controls' 11 - 20 , It has been 
suggested that this is crucial to the development of che disease 
state, as application of amilorideby aerosol alleviates the decline 
in lung function in CF 21,22 . It is not yet clear how a loss of 
CFTR function leads to this increase in sodium absorption. In 
contrast to the human, sodium absorption was reduced in the 
airways of cf/cf mice (Fig. 4B). Transfection of the cf/cf mice 
with pREPfi-CFTR, but not with the vector pREP8, significantly 
increased sodium absorption (seven- to eightfold; P<0\05), to 
essentially wild^type (+/+) levels (Fig.4fl). Thus, secondary 
alterations in sodium transport were also corrected to wild-type 
levels by the transfection protocol used. Finally, Ca 2 ^-induced 
chloride secretion reflects an alternative pathway for chloride 
secretion in the airways distinct from the CFTR pathway 4,23 . 
Ca -stimulated chloride secretory currents were not defective 
in cf/cf trachea, compared with trachea of normal (•+/+) mice, 
but were significantly increased following transfection with 
CFTR (F<0.05; Fig. This latter increase is probably a 
consequence of hyperpolarization through Ca 2 * -sensitive K.* 
channels, which increases the electrochemical gradient for CI" 
exit through the introduced CFTR channels and the pre-existing 
second pathway 2 *. 

These data show that the ion transport defects in CF can be 
corrected in vivo. Liposomes, which in clinical trials have been 
Jhown to be non-toxic and non-immunogenic, maybe safer than 
viral vectors which have the inherent risks of immunogenicity, 
replication and transmission. Our results illustrate the invaluable 
role of transgenic null cf/cf mice in assessing the efficiency of 
various gene therapy approaches. We have shown that functional 
expression of CFTR not only corrects the primary ion transport 
defect of the trachea (that is, the cAMP-stimulated chloride 
secretion), but also corrects secondary alterations in sodium 
absorption which are a consequence of loss of CFTR function. 
There seems to be no reason why this approach should not be 
transferable to humans for the treatment of rhc pulmonary 
features of CF. q 
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Germ-line transmission and 
expression of a human-derived 
yeast artificial chromosome 

Aya Jakobovtts, Amy L. Moore, Larry L B Green, 
German J. Vergara, Catherine E. Maynard-Currle, 
Harry A. Austin & Sue Klapholz 

Cell Genesys'mb.. 322 Lakeside Drive. Foster City. California 94404, USA 

iNTKonucTiON of DNA fragments, hundreds or kilo bases in 
sUe f into mouse embryonic stem (ES) cell* would greatly advance 
the ability to manipulate the mouse genome. Mice generated from 
such modified cells would permit Investigation of the function and 
expression of very large or crudely mapped genes. Large DNA 
molecules* cloned into yeast artificial chromosomes (YACs) are 
stable and genetically manipulate within yeast \ suggesting yeasc- 
celi fusion as an ideal method for transferring large DNA segments 
into mammalian cells. Introduction of YACs into different cell 
types by this technique has been reported 2 "*; however, the incorpor* 
. ation of yeast DNA along with the YAC has raised doubts as to 
whether ES cells, modified in this way, would be able to recolonize 
the mouse germ line 5 . Here we provide, to our knowledge, the Srsr 
demonstration of germ-line transmission and expression of a large 
human DNA fragment, introduced Into ES cells by fusion with 
yeast spheroplasts. Proper development was not impaired by the 
cointegration of a large portion of the yeast genome with the YAC. 

Yeast spheroplasts, carrying yHPRT, a 670 kilobase (kb) YAC 
containing the human hypoxamhine phosphoribosyltransferase 
(HPRT) gene 4 , were fused with the HPRT-deficiem E5 cell line 
£14TG2a (ref. 9). Clones expressing the HPRT locus were 
selected in hypoxanthinc/aminopterin/thymidine (HAT) 
medium (Fig. I legend) and expanded. The human HPRT gene 
was detected by hybridization in all ES cell clones analysed (not 
shown). The integration of additional human sequences was 
examined by comparing the Alu profile of 37 HAT-resi*tam 
(ESY) clones to that of y HPRT in yeast. Most, if not all, of the 
30 Alu fragments characteristic of yHPRT were present and of 
similar relative intensity in over 90% of the ESY clones (Figs 
la, 3B). In clones with an incomplete Alu profile (such as ESY 
8-5, Fig. l«i) only a few fragments were missing or altered in 
size. In most ESY clones, the Alu pattern appeared to be intact 
and without significant deletion, rearrangement or segmental 
amplification. 

_ Integration of YAC vector sequences was investigated with 
vector arm-specific probes. A 4.5 kb Kindlll fragment, detected 
by the right arm probe in yHPRT, was observed in 10 of 20 
ESY clones (Fig. \b). This vector arm was lost in eight ESY 
clones (for example ESY 3-1, 3-6, Fig. 16) and rearranged in 
two (for example ESY 8-6, Fig. 16). The left arm probe detected 
the 3 kb and 4.1 kb HmdlM yHPRT fragments in 18 or 20 clones 
(Fig. 1c). In total, 8 of the 20 clones (such as ESY 5-2, 8-7, 7-3» 
Fig. 1 a-c) contained complete Alu profiles and both intact YAC 
vector arms. 

The structural integrity of yHPRT in ESY clones, 5*2 and 8-7 
was further evaluated by pulsed-field gel electrophoresis In 
yeast carrying yHPRT, five Sfil fragments of Ihe following rough 
sizes were denned by different probes; 315 kb (A/«. left arm), 
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phosphate-buffered saline (overnight). We added . 
6(9 empty capslds (100 ul. 5 ^tg/ml) lo each welt 
(in Quadruplicate) and delected binding by a 
mouse entl-619 monoclonal antibody (Chemicon) 
followed by ,B o|-labeied sheep ami-mouse ami- 
tody (Amcrsham). The radioactivity in each wef 
was counted for 2 m*n with a 7 counier. There was 
no specific binding with CDH or CTH (methanol 
atone, mean count of 241; CDH, mean count of 
262; CTH. mean count of 244), and reduced bind- 
ing to Forssman antigen (mean count of 2088) 
compared to globoside (mean count of 7458), 
IB. B19 capslds and mouse monoclonal antibody to 
globoside bound to the same band on Western 
Wotting of red cell extract, perhaps 10 a putative 
"gloooproieln" (Y. Tonegawa and S. Hakomori, 
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However ; this band was removed by digestion 
with lipase but not by proteases, more consistent 
with a gtycollpld moiety. 
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In Vivo Gene Therapy of Hemophilia B: Sustained 
Partial Correction in Factor IX-Deficient Dogs 

Mark A. Kay,» Steven Rothenberg, Charles N. Landen, 
Dwight A. Bellinger, Frances Leland, Carol Toman, 
Milton Finegold, Arthur R. Thompson, M. S. Read, 
Kenneth M. Brinkhous, Savio L C. Woot 

The liver represents a model organ for gene therapy. A method has been developed for 
hepatic g n transfer in vivo by the direct Infusion of recombinant retroviral vectors into the 
portal vasculature, which results in the persistent expression of exogenous genes. To 
determine If these technologies are applicable for the treatment of hemophilia B patients, 
preclinical efficacy studies were done in a hemophilia B dog model. When the canine factor 
IX complementary DNA was transduced directly into the hepatocytes of affected dogs In 
vivo, the animals constitutrvely expressed low levels of canine factor IX for more than 5 
months. Persistent expression of the clotting factor resulted in reductions of whole Wood 
dotting and partial thromboplastin times of the treated animals. Thus, long-term treatment 
of hemophilia B patients may be feasible by direct hepatic gene therapy in vivo. 



Hemophilia B is an X-linked blood coag- 
ulation disorder resulting from a deficiency 
of factor IX production in the liver. The 
disease affects about 1 in 30,000 males and 
can result in severe bleeding episodes that 
require infusion of blood products that con- 
tain factor IX (1). As a result of previous 
human protein replacement therapy, about 
half of hemophilia B patients arc infected 
with human immunodeficiency virus or 
hepatitis viruses. A virus-free and non- 
thrombogenic factor IX product is now avail- 
able, buc because of high costs the current 
treatment protocols do not include prophy- 



laxis and therapy is initiated after bleeding 
begins. A number of tissues are target organs 
for somatic gene therapy of hemophilia B, 
including fibroblasts, myoblasts, endothelial 
cells, keratinocytes, and hepatocytes (2-7). 
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Because the liver is the organ of factor IX 
synthesis, it represents a natural target for 
gene replacement therapy. 

We have previously reported that hepa- 
tocytes can be transduced in vivo by infusion 
of recombinant retroviral vectors into the 
portal vasculature of mice after partial hep- 
atectomy (8). To determine if the same can 
be achieved in larger animals (such as dogs), 
we infused an amphotropic retroviral vector 
(LBGpgk) that encodes the Escherichia coli 
(J-galactosidase gene (S) directly into the 
portal vasculature of normal dogs three 
times 1 to 3 days after partial hepatectomy 
(Fig. 1). Two weeks later, hepatocytes were 
isolated and stained with 5-bromo-4- 
chloro-3-imdoyl-6-D-galactopyranoside (x- 
Gal) (Fig. 1A). Liver sections from these 
animals were similarly analyzed (Fig. 1 B) . 
The proportion of stained (blue) cells in Fig. 
L represents the in vivo transduction fre- 
quency of hepatocytes and was about I and 
0.3% in two animals. Additional tissues, in- 
cluding kidney and spleen, did not stain blue 
with x-GaL These transduction efficiencies 
are similar to that previously observed in 
mice (8). Routine histologic analysis re- 
vealed no pathologic conditions in the liver. 
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Fig. 1. Retroviral vector-mediated gene transfer 
of canine hepatocytes in vivo. A iwo-thirds partial 
hepatectomy was performed in two, 9-week-old 
normal dogs (3,5 kg) by resecting ihe left medial, 
left lateral, right medial, and caudate lobes. The 
right lateral lobe and Its segmental blood supply 
and biliary drainage were preserved. The distal 
tip of a pona-calh catheter (Access Technology, 
Skokie, IL) was cannulated into a splenic vein. 
The injection port was placed subcuraneousiy 
under the right lateral abdominal wail. The 
LBGpgk vector was collected from confluent 
packaging cells cultured in Hg DMEM and 1% 
Hyclona for 12 hours. About 85 ml of filtered 
supemalants containing 9 x 1 o T colony-forming 
units was mixed with Polybrene (20 M,g/ml) and 
infused over 45 to 90 m In through the catheter 24, 
48, and 72 hours after the hepatectomy. The 
animals tolerated the procedure well except for 
occasional vomiting and transient pallor during 
the beginning of the first infusion. When the dogs 
were killed, hepatocytes were isolated, cultured 
( W) % and stained with x-Gal (8) (A) (original magnification, x200), and (B) liver sections were stained 
wtth x-Gal and countersralned with neutral red (6) (original magnification, x400). 
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An amphotropic retroviral vector that 
encoded the canine factor IX complemen- 
tary DNA (cDNA) (LX-cFIX) was con- 
structed (9) and transduced into rac embryo 
208F cells (8) to assess iw ability for in vitro 
expression of factor IX. The media were 
changed daily, and canine factor IX was 
measured by enzyme-linked immunosorbent 
assay (ELISA) (8, 10) with a species-specif- 
ic polyclonal antibody that was prepared as 
described (11). The transduced rodent cells 
produce 225 ng of canine factor IX antigen 
per 10 6 cells per day, whereas control cells 
produce no detectable factor IX (12). This 
recombinant retroviral vector was used for 
infusion into the portal vasculature of four 
hemophilia B dogs (Tabic 1) from the 
Chapel Hill inbrud strain (13). The molec- 
ular defect in these dogs is a missense 
mutation in the catalytic domain of factor 
IX thar results in a complete lack of antigen 
in the plasm* (14). A partial hepatectomy 
was performed in these experimental ani- 

Flg. 2. Plasma factor IX concentrations and 
WBCTs in hemophilia B dog 1 after hepatic 
transduction with the LTR-cFIX retroviral vector 
The plasma factor IX concentrations were deter- 
mined Immunologically by EUSA and by bioas- 
say. The bioassays were performed by a modi- 
fied one-stage method (16) in which a kaollrv 
actrvdted canine hemophilia B plasma was used 
as a substrate, a limiting dilution of a normal 
canine plasma pool was used as reference plas- 
ma (1 1 .5 M-g/ml), and lest plasmas were diluted in 
a 1:10 ratio. The value ol 1 1 .5 >ig/ml was estimat- 
ed from the ratio of the concentration of normal 
human factor IX activity (5.0 ^.g/ml) to the con- 
centration of normal canine factor IX activity. 
Hemosiatic testing consisted of a determination 
of the WBCT (with the two-lube method at 2B°C 
with the use of sllicone-coated tubes tilled every 
30 s until clotted). (A) Values for the antigen 
concentrations of factor IX are shown in solid 
symbols, and the values from the bioassay are 
shown in open symbols. (B) The WBCTs in dog 1 
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mals, followed by the infusion of the LX- 
cFIX retrovirus 24, 48, and 72 hours after 
partial hepatectomy (Table 1). Factor IX 
concentrations in their plasma were mea- 
sured by biologic and immunoassays (Figs. 
2A and 3A). The hemostatic parameters 
were monitored by changes in the whole 
blood clotting time (WBCT) (Figs. 2B and 
3B) and partial thromboplastin time (PTT) 
(Table 1). These tests are indexes of the 
intrinsic pathway of clotting in which fac- 
tor IX is the key component - 

In dog 1, the plasma factor IX increased 
from undetectable amounts to a range of 2 
to 6 ng/ml; these levels have been main- 
tained constitutively for over 5 months 
(Fig. 2 A), and there is close agreement 
between the biologic and immunoassay 
result*. Most importantly , this dog had a 
WBCT of 15 to 20 min during the 
5-month period after treatment, whereas 
the WBCT for untreated factor IX-defi- 
cient littermates ranged from 45 CO 55 min 
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(solid squares), two affected hemophilia 8 HUermates (open squares), and the range in normal dogs 
(open circles). The days after infusion represent the number of days after the firsi retroviral infusion: 
day 0 represents measurements from samples obtained before any procedural manipulations. 

Table 1. Hemophilia D dogs used in a gene therapy protocol (23). The weight and age were 
recorded on the day the study was started. The methods for partial hepatectomy were essentially 
the same as outlined in Fig. 1 . Blood samples were obtained from the animals before surgery, and 
hemostatic coverage was maintained with multiple infusions of normal fresh frozen plasm given ' 
immediately before and for 24 hours after (he operation (57.4 to 72.7 units of factor IX per kilogram 
of body weight). Circulating factor IX from plasma infusions in untreated animals is cleared within 8 
to 10 days (22). The PTTs (24) were obtained from two to four samples before the start of the 
experiments (Before) and then were analyzed 6 to 10 times for each animal on different days starting 
al least 11 days after the viral infusion (After); The times shown indicate nonactivated PTTs, which 
for normal dogs are &2 to 47 s. The standard deviations are in parentheses. 



Dog* 


Weight 
(kg) 


Age 
(weeks) 


Infusion 
volume 
(ml) 


PTT (s) 

Before 


After 


1 


5.3 


11 


510 


322 (15) 


174 (6.5) 


2 


7.3 


14 


720 


262 (0.0) 


190 (7.5) 


3 


6.7 


14 


720 


195 (13) 


154' (8.6) 



(Fig. 2B). A long WBCT is characteristic! 
of a dog colony severely deficient in facta 
IX; normal dogs, on the other hand, have 
a WBCT of 6 to 8 min.<Fig. 2B). In viuo 
addition of normal dog plasma to whole, 
blood from hemophilia B dogs to a final; 
concentration of 3 ng/ml reduced thi* 
WBCT to 20 min. This is in agreement 
with the WBCT and factor IX concentre ; 
tions obtained in dog I after treatment ^ 
(Fig. 2). The PTT for dog 1 was afa ^ 
shortened from 322 before treatment h 
174 seconds after treatment (Table 1)- ■_■ 

Plasma from dog 2 showed factor tt 
concentrations similar to that of dog I 
(Figs. 2A and 3 A), whereas dog 3 hal 
slightly greater concentrations, rangin 
from 3 to 10 ng/ml (Fig. 3 A). Both dogs! 
and 3 had similar reductions* in thei ; 
WBCT, from pretreatment values of 44 b 
47 min to 18 to 26 min after treatment (Ffc .\ 




"One animal dred as a result of a surgfcal complication and was nol included. 
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Fig. 3. Plasma factor IX concentrations art 
WBCTs in hemophilia B dogs 2 and 3 aftt 
hepatic transduction with the LTR-cFIX retrai 
ral vector. The hemostatic charactenzatk* 
were as described (Pg. 2). (A) The values b 
the antigen concentrations are in solid syrnbti 
Dog 2, squares; dog 3, circles. Values from th 
bioassay are In open symbols. (B) Whole bkn 
clotting times. Dog 2, open squares: dog] 
solid circles. The study on dog 2 terminated ft 
day 4? as multiple transfusions wer given fc 
hemorrhage. Dog 3 developed a minor bleed 
ing episode that required one infusion of norm 
dog plasma on day 26, which accounts for D 
hiatus in data lor days 27 to 36. Previa^ 
studies (22) have shown that by 10 days 4£ 
infusion exogenous factor IX is undetectable iM 
bioassay. 
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3B). The PTTs in dogs 2 and 3 were also 
decreased significantly (Tabic 1). To fur- 
ther establish the biological activity of plas- 
ma /actor IX, we treated samples from dogs 
I and 3 with barium sulfate to remove 
7-carboxylatcd proteins , including factor 
IX (15). The barium sulfate-treated plas- 
mas of treated dogs had a prolonged PTT 
that was similar to the pre treatment PTT 
values. 

Our study demonstrate* the feasibility 
of in vivo retroviral-med tared gene trans- 
fer into the liver of a large animal, which 
results in phenocypic improvement of a 
deficiency syndrome. The factor IX anti- 
gen amounts achieved after gene transfer 
were only about 0.1% of the endogenous 
concentration of factor IX in normal ani- 
mals, which demonstrates that the consti- 
tutive expression of a relatively small 
quantity of the factor IX protein is suffi- 
cient to cause a reduction in the WBCT 
and a shortening of the PTT. Our data 
indicate that the WBCT is extremely sen- 
sitive to changes in factor IX concentra- 
tion in the hemophilia B dogs. In moder- 
ate and mild human hemophilia patients 
with shortened WBCT and factor levels in 
the 3 to 6% range, there is still a risk of 
hemorrhage, although both the frequency 
and the severity of episodes are consider- 
ably less than those of severely affected 
individuals (16). For future human appli- 
cations, however, increased circulating , 
factor IX levels must first be achieved. 
This may be accomplisHed by developing 
methods that lead to greater efficiencies of 
hepatocytc transduction in vivo and by 
creating expression vectors with stronger 
promoters. These reservations notwith- 
standing, our results illustrate the efficacy 
of in vjvo gene therapy of hemophilia B 
and other metabolic disorders secondary rev 
hepatic deficiencies. 

Note added m proof; Plasma fac cor IX con- 
centrations and WBCTs remained at the 



same values at 9 months after treatment for 
dog 1 and 6 months after treatment for dog 3- 



1. 



2. 

3. 
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Abstracts 

The liver, represents a model organ for gene therapy. A method has been developed for 
hepatic gene transfer in vivo by the direct infusion of recombinant retroviral vectors into the 
portal vasculature, which results in the persistent expression of exogenous genes. To 
determine if these technologies are applicable for the treatment of hemophilia B patients, 
preclinical efficacy studies were done in a hemophilia B dog model. When the canine factor IX 
complementary DNA ^vas transduced directly into the hepatocytes of affected dogs in vivo, 
the animals constitutrvely expressed low levels of canine factor IX for more than 5 months. 
Persistent expression of the clotting factor resulted in reductions of whole blood clotting and 
partial thromboplastin times of the treated animals. Thus, long-term treatment of hemophilia B 
patients may be feasible by direct hepatic gene therapy in vivo. 



Hemophilia B is an X-Iinked blood coagulation disorder resulting from a deficiency of 
http://gateway2.ovid.com/ovidweb.cgi 
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factor IX production in the liver. The disease affects about 1 in 30,000 males and can result in 
severe bleeding episodes that require infusion of blood products that contain factor DC qj. As 
a result of previous human protein replacement therapy, about half of hemophilia B patients 
are infected with human immunodeficiency virus or hepatitis viruses. A virus-free and 
nonthrombogenic factor IX product is now available, but because of high costs the current 
treatment protocols do not include prophylaxis and therapy is initiated after bleeding begins. A 
number of tissues are target organs for somatic-gene therapy of hemophilia B, including 
fibroblasts, myoblasts, endothelial cells, keratihocytes, and hepatocytes r2-7i . Because the liver 
is the organ of factor IX synthesis, it represents a natural target for gene replacement therapy. 

We have previously reported that hepatocytes can be transduced in vivo by infusion of 
recombinant retroviral vectors into the portal vasculature of mice after partial hepatectomy [§1- 
To determine if the same can be achieved in larger animals (such as dogs), we infused an 
amphotropic retroviral vector (LBGpgk) that encodes the Escherichia coli beta-galactosidase 
gene [Hi directly into the portal vasculature of normal dogs three times 1 to 3 days after partial 
hepatectomy Figure i . Two weeks later, hepatocytes were isolated and stained with 5-bromo-4- 
chloro-3-imdoyl-6-D-galactopyranoside (x-Gal) Figure 1 A. Liver sections from these animals 
were similarly analyzed Figure IB. The proportion of stained (bhie) cells in luj^unurepresents 
the in vivo transduction frequency of hepatocytes and was about 1 and 0.3% in two animals. 
Additional tissues, including kidney and spleen, did not stain blue with x-Gal. These 
transduction efficiencies are similar to that previously observed in mice IM- Routine histologic 
analysis revealed no pathologic conditions in the liver. 




ri&ur* \ . Retroviral veotor-medi&icd gene transfer of canine hepatocytes in vivo. A 
two-thirds partial hepatectomy was performed in two, 9-woek-old normal dogs (3.5 
kg) by resecting the left medial, left lateral, right medial, and caudate lobes. The right 
lateral lobe and its segmental blood supply and biliary drainage were preserved. The 
distal tip of a porta-cath catheter (Access Technology, Skokie, IL) >*as canmilated 
into a splenic vein. The injection port was placed subcutaneously under the right 
lateral abdominal wall. The LBGpgk vector was collected from confluent packaging 
cells cultured in Hg DMEM and 1% Hyclonc for 12 hours. About 85 ml of filtered 
supernatant* containing 9 times 10 7 colony-forming units was mixed "with Polybrene 
(20 mu g/ml) and infused over 45 to 90 min through the catheter 24, 48, and 72 
hours after the hepatectomy. The animals tolerated the procedure ^efl except for 
occasional vomiting and transient pallor during the beginning of the first infusion. 
When the dogs were killed, hepatocytes were isolated, cultured ng] r and stained with 
x-Gal [*1 (A) (original magnification, times 200), and (B) liver sections were stained 
with X-Gal and oounte retained with neutral red [ft] (original magnification, times 
400). 



An amphotropic retroviral vector that encoded the canine factor IX complementary DNA 
(cDNA) (LX-cFEX) was constructed l^i and transduced into rat embryo 208F cells 1«1 to 
assess its ability for in vitro expression of factor IX. The media were changed daily, and canine 
factor IX was measured by enzyme-linked immunosorbent assay (ELIS A) jsjoi with a species- 
specific polyclonal antibody that was prepared as described UJ1- The transduced rodent cells 
produce 225 ng of canine factor DC antigen per 10 6 cells per day, whereas control cells 
produce no detectable factor IX Q21. This recombinant retroviral vector was used for infusion 
into the portal vasculature of four hemophilia B dogs Table I from the Chapel Hill inbred strain 
f 131 . The molecular defect in these dogs is a missense mutation in the catalytic domain of 
factor IX that results in a complete lack of antigen in the plasma mi. A partial hepatectomy 
was performed in these experimental animals, followed by the infusion of the LX-cFIX 
retrovirus 24, 48, and 72 hours after partial hepatectomy Table l . Factor IX concentrations in 
their plasma were measured by biologic and immunoassays Figure s. 2A and 3 A). The 
hemostatic parameters were monitored by changes in the whole blood clotting time (WBCT) 
(Figs. 2B and 3B) and partial thromboplastin time (PIT) Table l . These tests are indexes of the 
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intrinsic pathway of clotting in which factor IX is the key component. 




lafclU.- Hemophilia B dogs used in a gene therapy protocol I23j. The weight and age 
were recorded on Che day the study was started. The methods for partial hepatectomy 
were essentially the same as outlined in Kuore l . Blood samples were obtained from 
the animals before surgery, and hemostatic) coverage was maintained with multiple infusions of normal fresh frozen plasm given 
immediately before and for 24 hours after the operation (57.4 to 72.7 units of factor IX per kilogram of body weight). Circulating 
factor DC from plasma infusions in untreated animals is cleared within 8 to 10 days The PTTs L2±l were obtained from two to 
four samples before the start of the experiments (Before) and then were analyzed 6 to 10 times for each animal on different days 
starting at least 1 1 days after the viral infusion (After). The times shown indicate nonaetivated PTTs, which for normal dogs arc 
42 to 47 s. The standard deviations are in parentheses. 




Egartf.3 . Plasma factor DC concentrations and WBCT& in hemophilia B dog 1 after 
hepatic transduction with the LTR-cFDC retroviral vector. The plasma factor DC 
concentrations were determined immunologically by ELISA and by bioassay. The 
bioassays were performed by a modified one-stage method rjjvj in which a 
kaohnactivated canine hemophilia B plasma was used a* a substrate, a limiting 
dilution of a normal canine plasma pool was used as reference plasma (11.5 mu 
g/ml), and test plasma* were diluted in a 1 : 1 0 ratio. The value of 1 1 .5 mu g/m] was 
estimated from the ratio of the concentration of normal human factor DC activity (5.0 
mu g/mJ) to the concentration of normal canine factor DC activity. Hemostatic testing 
consisted of a determination of the WBCT (with the two-tube method at 28 degrees 
C with the use of siHconc-coatcd tubes tihed every 30 s until clotted). (A) Values for 
the antigen concentrations of factor DC are shown in solid symbol^ and the values 
from the bioassay arc shown in open symbols. (B) The WBCTs in dog 1 (solid 
squares), two affected hemophilia B Irttcrmates (open squares), and the range in 
normal dogs (open circles). The days after infusion represent the number of days 
after the lirst retroviral infusion; day 0 represents measurements from samples 
obtained before any procedural manipulations. 




pj pot .1 . Plasma factor DC concentrations and WBCTs in hemophilia B dogs 2 and 3 



after hepatic transduction with the LTR-cFDC retroviral vector. The hemostatic 
characterizations were as described Pwirc2. (A) The values for the antigen 
concentrations are in solid symbols. Dog 2, squares; dog 3, circles. Values from the 
bioassay are in open symbols. (B) Whole blood clotting times. Dog 2, open squares; 
dog 3, solid circles. The study on dog 2 icrminatcd on day 42 as multiple 
transfusions were given for hemorrhage. Dog 3 developed a minor bleeding episode 
that required one infusion of normal dog plasma on day 26, which accounts for the 
hiatus in data for days 27 to 36. Previous studies £221 have shown that by 10 days 
after infusion exogenous factor DC is undetectable by bioassay. 



In dog 1, the plasma factor IX increased from undetectable amounts to a range of 2 to 6 
ng/ml; these levels have been maintained constitutively for over 5 months(Figure 2A) and there 
is close agreement between the biologic and immunoassay results. Most importantly, this dog 
had a WBCT of 15 to 20 min during the 5-month period after treatment, whereas the WBCT 
for untreated factor IX-deficient littermates ranged from 45 to 55 nrin(Figiire 2B) A long 
WBCT is characteristic of a dog colony severely decent in factor IX; normal dogs, on the 
other hand, have a WBCT of 6 to 8 min Figure 2Z. m vitro addition of normal dog plasma to 
whole blood from hemophilia B dogs to a final concentration of 3 ng/ml reduced the WBCT to 
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Both dogs 2 and 3 had similar redu^ons in th "J^;^^ 2 ^ 3 were also decreased 

PTT that was similar to the pretreatment PTT values. 

Our study demonstrates^^ 
liver of a large animal, which results u 
factor IX antigen amounts achieved after gene^ ^^^ s ^demonstrates that the 
endogenous concentration of ^^^^^ factor DC protein is sufficient to 
constitutive expression of a relatively "^SSSSo PTT. Our data indicate that the 
cause a reduction in the WBCT and a &ho «™"* 0 ™** nc ^ion in the hemophilia B dogs. 
^CT is extremely sensitive to change, WBCT and factor leveh . in 

In moderate and mild ^^P^SS^iho«»* *> oth the freqUCI f y % 
the 3 to 8% range, there is still a risk * J™™^ sever S y affected individuals [M- For 
severity of episodes are considerably less factor K levels must first be 
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values at 9 months after treatment for dog 1 and 6 months alter 
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Abstract — The rat is an excellent model for gene therapy because there are many rat models for 
human diseases. We have developed a simple tind efficient method to deliver, genes to the rat liver 
using recombinant retroviral vectors, A 70% partial hepatectomy followed by retroviral infusion 
into the portal vein results in 10-15% hepatocyte transduction in vivo. This is 10 times more 
efficient than in the mouse due partially to the observation that the rat livers have much more 
synchronous hepatocyte replication after partial hepatectomy. Using a recombinant retroviral 
ve :tor containing the human a } -antitrypsin cDNA, persistent egression of the human protein in 
recipient rat plasma was observed for atleastsix\monthsandat a level that is 10 times ^eater 
the mouse. Thus s rats can serve as an excellent model for gene therapy of metabolic disorders 
secondary to hepatic deficiencies. "! 



INTRODUCTION ; defective retrovirusz-The re troyirus is attrae- 

tive because it inte^ates into; the host 
The rat is an extensively investigated ; genome and is thus permanent. The problem 
animal, and there are many excellent fat ; with using re trov^ 

models of human genetic and epigenetic ; cytes is that retroviruses require host cell 
diseases (1). In order to investigate the ; division for efficient integration into the 
i feasibility of treating some of these disease ] genome (5) However, in a normal, healthy 
I models using the techniques of somatic cell !V liver, very few hepatocytes. are replicating 
] gene transfer, we wanted to develop simple: r (3). To stimulate hepatocyte- replication, 
and efficient methods for gene therapy in the ] several laboratories have reported perform- 
rat. An excellent target organ for gene - ing a 70% partial hepatectomy pn rats. When 
therapy is the liver because it is a large, | the remaining hepatocytes divide tb regener^ 
metabolically active organ- and many genetic i ate the liver; they are susceptible to retroviral 
diseases result from mutations in genes | transduction. The retrovirus is delivered by 
expressed in the liver (2). Hepatocytes also ;/ vascular isolation of the liver , followed by, 
have a slow turnover rate (3)j and thus : ; perfusion of the liver with retroviral superna^ 
genetically - modified cells will persist long- ; tarit (6, 7).; / Although ; this is air efficient 
term. \ { method for gene delivery (5-20% of the 

Presently, the best vector for stable ; hepatocytes were transduced), it is compli- 
introduction of genes into somatic cells in ; i: cated by the need for exteiisive and|elaborate: 
a limals is the recombinant, replication- :; surgery. J 
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Recently, Kay et al. (8) performed a 
70% partial hepatectomy in mice followed by 
infusion of. retrovirus into the portal vein 
without vascular isolation. Using a retrovirus 
encoding the 0-galactosidase gene, this tech- 
nique resulted in 1-2% hepatocyte transduc- 
tion as determined by X-gai staining. They 
also introduced the gene for the secreted 
reporter protein * human ct r antitrypsin 
(hAAT) and detected constitutive levels of 
hAAT in mouse serum for more than 200 
days. This method, applied in the rat, 
resulted in 10-15% hepatocyte transduction 
and constitutive expression of ;the human 
protein at a level lO^fold greaterithan in the 
mouse. 

MATERIALS AND METHODS 

Animals and Partial Hepatectomy. Male 
Lewis rats, 3-4" weeks old were \ purchased 
from Harlan, Sprague Dawley: Inc. The 
animals were housed in a vivarium with a 
12-h light-dark cycle with water; and food 
(standard laboratory chow) provided ab 
libitum. The partial hepatectomy was per- 
formed under a general combination anes- 
thetic: ketamirie (42.8 mg/ml), xylazine (8.6 
mg/ml), and acepromazine (1;4 mg/ml), 
administered at 0.5-0.7 ml/kg. ;The 70% 
partial hepatectomy involved removal of the 
median and left lateral lobes and was 
performed according to Higgens and Ander- 
son (9). The skin was then closed with 
aiitoclip 9-mm wound clips. 

Retrovinis Harvest and Preparation. The 
virus-producing cells were cultured at 37°C 
with 5.0% G0 2 in 150-mm tissue culture 
plates with 25 ml of . media (high glucose 
D-modified Eagle's media supplemented 
with 10% Hyclone bovine calf serum and 1 
mM glutamine, 100 units/ml penicillin, 100 
p,g/ml streptomycine). When the cells were . 
70-80% confluent, the medium was; replaced 
with 15 ml of fresh medium; 18 h later, the 
medium was harvested,, filtered through a 
0.45-jim syringe filter, and polybrene was 



added to 8.0 ng/ml. The retroviral medf 
was infused into animals within 1 
collection. 

Infusion of Retrovirus into Remain 
Lobes of Liver. At indicated times ;afterf 
70% partial hepatectomy, rats werejane^f 
tized as above and. opened through the s 
incision used for the partial hepsitectc? 
The portal vein was cannulated with a 
catheter connected to a 10-cc syriiige by 
30-in. extension set. Over the course'iof 2^| 
min, 3.0 ml of retroviral supernatant wf 
infused using a Sage Instruments! syrii^ 
pump (model 355), After infusion, 
catheter was removed and pressure 
applied for 10-30 min to control bleed^ 
The abdominal muscle was sutured \yftf 
Chromic Gut and the skin closed wi 
autoclips. ' ;i| ^ 

Isolation and X- Gal Staining of\Hepa^^i 
cytes. The technique for hepatocyte isolatibajl 
is adapted from Berry and Friend (10j?£- 
Briefly, 10 days .after retroviral infusion, the^ 
rat was anesthetized- the portal vein was y 
cannulated with a 20-G catheter, and th^l 

inferior venae cava cut. The. liver was then 

perfused with 150 ml of Earle's balanced salfp 
solution without calcium or magnesiuiff;;^ 
(EBS-) plus 0:5 mM EGTA, 50 ml ofEBSlig 
and finally 150 ml of Earle's bpS&^M 
solution with calcium," with 0.3 mg/itil Boi£||| 
hringer coliagenase and ,0.05 mg/ml: Sigma^ 
soybean trypsin inhibitor. All the ! aboVt^ 
solutions. were warmed to 37°C. and infused * 
at 20 ml/min.- Hepatocyte culture conditio^p^ 
and media were described previously (ll)£lf 
The hepatocytes were \ cultured for 15-20|K^ 
before X-gal staining, performed ks J ~" rcr ' v 



scribed previously: Histological X-gal staiii^ 
ing of frozen liver ; sections was perfon 
seven days after retroviral infusion and 
described previously (11). ! 

Generation ofLXIhAA T Retrovirus, 
hAAT was constructed! by removing the 
gene and CMV promoter from LNCX b; 
Bell (blunted), Hindlll restriction e 
digest, and inserting the; hAAT coding re; 
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aS a Smal, Hindlll fragment. The LX/hAAT 
construct was then electroporated into 
GPAM-12 packaging cells, and individual 
virus producing colonies were selected and 
. screened for retroviral production (retroviral 
supernatant from individual colonies were; 
used to transduce rat embryo fibroblast cell 
line 208F and hAAT • production from the 
fibroblasts was assayed). The apparent titer 
of LX/hAAT is at least 2 x 10 6 PFU/ml as 
determined by comparing the amounts of; 
viral RNA in the supernatant from LX/; 
hAAT producing cells to a retrovirus of: . 
known titer (data not shown). 

Detection of hAAT in Rat Serum. Rat- 
serum was isolated and the concentration of : 
human a r antitrypsin was determined by an: 
ELISA as described in Kay et al. (8). 

RESULTS. . 

Recombinant Retroviral Vectors. The am- ] 
photropic retrovirus LX/0-Geo (Fig. 1 A) ; 
has been described previously (8). Briefly,; 
P-Geo is a fusion of the E. coli p-galactosi- • 
dase gene and the neomycin phosphotransfer-; : 
ase gene. The fusion protein retains both"; 
e izymatic activities. The 0-Geo gene , is; ; 
under the transcriptional control of the ; 
Moloney murine leukemia virus (MMLV)j 
long terminal repeat (LTR) described by ;. 
Miller and Rosman (12). The retrovirus is ; 
produced from the amphotropic retroviral ; 
packaging cell line GPAM-12 and has a titer 
of 1 x 10 6 PFU/ml. The LX/hAAT retrovi- : 
rus (Fig. IB) encodes the human a r anti- 
t.ypsin gene (8) under the transcriptional i 
control of the MMLV-LTR (12). 

In Vivo Retroviral Transduction of Rat 
Hepatocytes. The MMLV vectors require a ; 
cell to be, dividing in order to integrate into ; 
the host genome. To stimulate hepatocyte ; 
replication, a 70% partial hepatectomy can ..j 
be performed. Since young rats (3-4 weeks | 
old) have a greater rate of DN A synthesis-; 
taan older rats after partial hepatectomy i 
(13), their hepatocytes will be more suscep- : 




LX/B-Geo 




LX/hAAT 

Fig.l. Diagrams of the. retroviruses used in this study. 
(A) LX/[3-Geo, 3-Geo is a fusion gene of the neomycin 
phosphotransferase gene and the p-galactosidase gene. 
P-Geo is under the transcriptional control of the 
Moloney murine leukemia virus (MMLV); long terminal 
repeat (LTR). The retrovirus also encodes for the 
phosphoglycerol kinase promoter (PGK). (B) LX/ 
hAAT encodes the human arantitrypsin gene under the 
transcriptional control . of MMLV LTR; The arrows 
indicate transcriptional start sites. 



tible to retroviral transduction. A 70% 
partial hepatectomy was thus performed on 3 . 
to 4-week-old male Lewis rats and 24 h later, 
3 ml of the 0- Geo retrovirus was infused into 
the portal vein over the course of 30 min. 
Seven days later, the liver was isolated and 
the frozen section was stained for X-gal. As 
can be seen in Fig. 2A, there are many cells 
that have stained in the liver infused with the 
0-Geo retrovirus, while no blue cells are 
visible in liver after only a partial hepatec- 
tomy and mock infusion (Fig, ;2B). It is 
known that the amphotropic retrovirus can 
transduce vascular endothelial cells in vivo 
(4). However, of the sections we inspected, 
transduction was limited to cells with hepato- 
cyte morphology (Fig. 2A) . The blue cells are 
relatively evenly dispersed in the liver. paren- 
chyma, although some appeared in groups 
and rows, perhaps indicating limited division 
of hepatocytes following transduction. 

Time Course for Optimal Re Trans- 
duction of Rat Hepatocytes In Vivo. ; To deter- 
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Fig. 2; In vivo transduction of rat hepato-.^ii of 
xyies , with LX/p-Geo retrovirus. A! 70*$?N he 
partial : hepatectomy: was performed on 3 to0^ 
4-week-oid rats; 24 h later, either. (A).3.0 nil.^ Vlr 
of LX/0-Geo retrovirus or (B) 3.0 rnl fU 
; medium' was infused into the portal jveing 
Seven days later, the liver was . isolate" " 
frozen; sectioned, and stained with X%= 
and cpunterstained iwith nuclear fast; red| 
Pictures represent sections from one 
three rats infused with p-Geo, and one r |>| 
one mock infused. Blue cells were ;on$ 
detected in the liver sections infused jwittjj 
LX/p-Geo retrovirus 
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mine when to infuse retrovirus after partial 
hepatectomy for optimal transduction of rat 
hepatocytes, retrovirus was infused into rats 
at 0, 12, 18, 24, and 36 h after "partial- 
hepatectomy. In order to better quantitate : 
the transduction efficiency and to ensure the; 
blue cells were hepatocytes, we isolated and 
cultured the hepatocytes under conditions : 
that selected for the growth of hepatocytes. ; 
Ten days after retroviral infusion, hepato- 
cytes were isolated by collagenase perfusion ' 
and cultured overnight as described in ; 
Materials and Methods. Even if cell division 
occurs, the percentage of blue cells should 
not change, unless transduction affects hepa- ; 
tocyte growth. Twelve hours after X-gal ; 
staining, the percent transduction was calcu- '.: 
lated by scanning random 1 fields at 400 x ; ; 
magnification and counting the number of 
biue cells and the total number of cells (at, 
least 700). The optimal time for retroviral 
infusion appears to be 24 h after partial 
hepatectomy, at which time, 10-15% of the-, 
hepatocytes were transduced (Fig. 3); 

Retroviral Transduction Efficiency of Rat 
and Mouse Hepatocytes In Vitro. Kayetal. (8) 
reported that using this in vivo retroviral ; 
transduction method in the mouse, they 
achieved a hepatocyte transduction effi- 
ciency of 1-2%, while we observed a 10-15% 
transduction efficiency in the rat. The 10-fold 
difference in transduction efficiency is not 
due to inherent differences in susceptibilities 
to infection by amphotropic retrovirus, since 
rat and mouse hepatocytes are transduced 
20-25%. with an amphotropic retrovirus in 
culture (14, 15, and Dr. M. Kay, personal 
communication). Thus both the rat and 
mouse hepatocytes are equally susceptible to 
amphotropic retroviral transduction. 

Histological Study of Regenerating Liver 
of Rat and Mouse. Since both rat and mouse 
hepatocytes are equally susceptible to retro- 
viral transduction in vitro, we investigated 
the regenerating livers of rats ; and mice. 
Ferhaps, if the rat has a more vigorous 
hepatocyte replication response after partial 
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Hours After Partial Hepatectomy 

Fig. 3... Time course for in vivo infection of rat hepato- 
cytes. The 70% partial hepatectomies were performed 
on 3 to 4-week-oId male Lewis rats. Then at time 0 h 
OV = 2), 12 h (N = 5), 18 h (jV = 1), 24 h (N = 5), 30 h 
: (/V = 4) or 36 h (N = 3) after partial hepatectomy, 3.0 
; ml of retroviral supernatant was infused into the portal 
; . vein. Seven to. 10 days after , transduction,: the hepato- 
.. cytes were isolated, cultured for 18 h; and istained with : 
: X-gal. Plates of hepatocytes; were scanned at 400 x 
\ magnification and random fiblds were counted for the 
number of blue cells and the total number of cells. At 
least 700 cells were counted per time point.; Bars repre- 
sent, mean and standard deviation. Range at 24 h is 
! 8.6-16.7%. 

■ hepatectomy than the *mouse, it would 
j explain the difference in transduction effi- 
ciency. The 70% partial -hepatectomies were 
■performed on rats and mice, and the remain- 
ing liver lobes were isolated at times when in - 
vivo retroviral transduction is known to be 
ioptimal (24 h for the : rat and 48 h for the 
mouse). Random fields were scanned at 
;400x magnification and the number of 
mitotic figures and the total number of cells 
was determined. The mitotic index is the 
inumber of mitotic figures per 1000 cells (3). 
pThe rat liver had a; mitotic index- of 84.8, 
while the mouse liver had a mitotic: index of 
j>4.6. In both animals, the mitotic figures did 
not appear localized iii any region of; the liver 
(i.e., periportal). 

Expression of Human a r Antitrypsin in 
Transduced Rat Hepatocytes. In order to 
£tudy the expression of retrovirally transduced 



f 



496 




Days post in vivo transduction 

Fig. 4. Detection of human cti-antitrypsin in the serum 
of rats (closed squares) and mice (open squares) after in 
vivo transduction of hepatocytes with LX/hAAT retrovi- 
rus. The 70% partial hepatectomies were performed on 
mice and rats. The rats were infused 24 h later with 3.0 
ml of supernatant containing the LX/hAAT retrovirus, 
while the mice were infused at 48 h with 1.0 ml of 
supernatant. Serum samples were collected from the 
animals at the indicated times and assayed for hAAT. 
The graph represents the mean ± standard deviation for 
/y/ = 4 (mouse) and N = 7 (rat). 

genes long-term, we transduced xat hepato- 
cytes with a retrovirus encoding the gene for 
human a r antitrypsin (hAAT). hAAT was 
chosen because, being a secreted: protein, its 
presence can be detected easily in the serum 
of. the animal, and expression ca?n be moni- 
tored long-term in each animal^ hAAT has 
also been shown not to elicit an immunologi- 
cal response in dogs and mice when ex- 
pressed from hepatocytes, but ' it can be 
detected and quantitated by an ELISA assay. 
A 70% partial hepatectomy was (performed 
on rats, followed 24 h later by infusion of 3 ml 
of supernatant containing the LX/hAAT 
retrovirus. As can be seen in Fig. 4, hAAT 
can be detected in the rat serum |seven days 
after retroviral transduction. The average 
levels reached 2000 ng/ml within a week 
after viral infusion -and remained^ steady for 
at least 120 days. No hAAT was ever 
detected in the serum of rats transduced with 
a control retroviral vector (data not F^wn): 



Mouse hepatocytes were also 
duced in vivo with the same retrovirus 
optimal conditions,; and the presence 
hAAT was monitored in their serum. hA_ ^ 
levels in the mouse have also remain^ 
steady for 40 days of monitoring. As canT_ 
seen in Fig. 4, the average level of iiAAI^ 
the mouse of about 100-200 ng/ml is 10-fo|| 
lower that in the rat. This observation isjr 
agreement with the results from the p-g 
staining showing that hepatocyte tra nsdu^ 
tion in the rat is 10-fold higher than in the^ 
mouse. 




DISCUSSION 



A 70% partial hepatectomy followed by*, 
infusion of retrovirus into the postal vein . 
results in 1-2% hepatocyte transduction in 
the mouse (8), while in the rat, the same 
technique achieves 10-15% hepatocyte trans- 
duction. This difference is not \ due to . 
differences in susceptibilities to retroviral 
transduction since both rat and; mouse 
hepatocytes are equally transduced by ampho- ; 
tropic retrovirus in vitro. The difference is 
also not due to a greater number ;of virus 
particles being infused into the rat since we 
infused 3.0 ml into a 50-g rat (pr\ 6 x 10 4 , 
PFU/g body weight) while Kay et al. (8) 
infused 8 x 10 4 PFU/g into the mouse. The 
difference may be due, in part, to jthe fact 
that at the time for optimum transduction by 
retrovirus, the rat liver has a three to fourfold 
higher mitotic index than the mouse. : 

The percentage of transduced Icells by 
our method (10-15%) is comparable to that 
achieved using the vascular isolation jmethc^ 
(5-20%) of Ferry et all. (6) and 16% by -RozgC 
et al. (7): A critical difference is that whil|^ 
the other groups' methods require ve ^ 
intricate surgical procedures to vascularly^ 
isolate the liver before infusion of retrovirus 
into the portal vein, our method OT ^L 
requires infusion of the retrovirus into ^0 
portal vein; .'-J^ 

To. study the expression of transdud^J 
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tfen es long-term, we used the secreted marker 
Jrotein human a r antitrypsin (hAAT). Using 
]iAAT as a marker, one can study both the 
level of expression and changes in expression 
levels in one animal. This is superior to 
transducing several animals and sacrificing 
them at different times to determine percent- 
age of cells still expressing the gene of 
interest, since one then introduces variability 
between animals. The amounts of . hAAT 
being expressed varied from animal to 
animal. The levels ranged from 200 ng/ml to 
000 ng/ml. The levels of hAAT appear to be 
steady for at least six months. With respect to 
lAAT production, the mice produced up to 
100-200 ng/ml of hAAT, while the rats 
averaged 2000 ng/ml. This is the expected 
result since 10-fold more hepatocytes are 
shown to be transduced by X-gal staining in 
the rat than in the mouse. 

The focus of this study was to develop a 
simple and efficient method to deliver genes 
to the rat liver using recombinant retroviral 
vectors. We determined that a 70% partial 
hepatectomy followed 24 h later by infusion 
of 3 ml of retrovirus into the portal vein 
results in 10-15% hepatocyte transduction. 
Genes introduced in this manner are also 
expressed for at least six months. These 
results suggest that the; rat is an excellent 
model for hepatic gene therapy of metabolic 
disorders. 
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Erratum 



The name of one of the authors was inadvertently omitted by the authors from the paper, 
"Hepatic Gene Therapy: Efficient RetroviralMediated Gene Transfer into Rat Hepatocytes 
In Vivo/' Vol. 19, No. 5, 1993, pp. 491^97, The listing of authors should read Tadeusz Mi" 
Kolodka, Milton Finegold, Mark A. Kay/ and Savio L.C Woo. 
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release polymer such as ethylene vinyl acetate or cellu- 
lose discs (reviewed in Ref. 22) and implanting the sub- 
stances in the cornea of an animal T s eye (35, 36) or by 
placing these substances on the chorioallantoic mem- 
brane of the chick embryo (37) and observing the sprout- 
ing of new vessels toward the pellet. Alginate-encapsu- 
lated tumor cells (38, 39) and gelatin-impregnated 
sponges _(40) (Gelfoarn, Upjohn, Kalamazoo, Michigan) 
have also been used as angiogenesis inducers. In the 
alginate tumor cell model, hemoglobin content was used 
to quantitate angiogenesis. In addition, several in vitro 
models have been used to examine the progression of 
angiogenesis including the sprouting, attachment, migra- 
tion, invasion, and morphological differentiation of endo- 
thelial cells (8, 12, 41-44). 

Here we report on a simple, rapid, and quantitative 
assay to assess inducers as well as inhibitors of angiogen- 
1 ssis. In brief, we inject a solution a basement membrane 
J iroteins supplemented with FGF and heparin subcuta- 
neously in a mouse where it forms a gel. Sprouts from 
vessels in the adjacent tissue penetrate into the gel within 
days, connecting it with the external vasculature. Angi- 
ogenesis was quantitated by image analysis of vessels 
and by measuring the hemoglobin present in the vessels 
within the gel. This assay will facilitate the testing of 
both angiogenic and angiostatic agents in vivo and may 
allow isolation of the endothelial cells responding to the 
angiogenic factors for further studies in vitro, 

EXPERIMENTAL DESIGN 

Preparation of Angiogenic Factors and 
Vehicle 

Liquid Matrigel maintained at 4*C was used as a 
vehicle to inject angiogenic factors subcutaneously into 
C57/BL mice. Various components were mixed with 
liquid Matrigel at 4°C which, when injected into a mouse, 
formed a single, readily recovered get Such gels were 
removed at various times and processed for histology, 
jtotal protein, and hemoglobin content 
| Matrigel, an extract of murine basement membrane 
proteins consisting predominantly of laminin, collagen 
IV, heparan sulfate, proteoglycan, and nidogen/entactin 
was prepared as a sterile solution as previously described 
(45). Heparin was dissolved in sterile phosphate-buffered 
saline (PBS) to 16,000 uhits/mL Further dilutions were 
made with sterile filtered PBS containing 1 mg bovine 
perum albumin/ml. aFGF (HBGF-1) (R & D, Minneap- 
olis, Minnesota) was diluted to 0.25 fig/ml with PBS/ 
bovine serum albumin. Various amounts of heparin and/ 
pr FGF were mixed with 0.5-1.0 ml of Matrigel at 4°C in 
proportions not exceeding 1% of the volume of Matrigel 
co be injected. In some cases, other factors were included 
as noted. 

! 
I 

INJECTION AND PROCESSING OF GELS 

C57BL mice (five per data point) were each injected 
yibcutaneously with 0.5 ml Matrigel and 0-100 ng aFGF/ 
L and 0-64 units heparin/ml near the abdominal mid- 
line using a 25-gauge needle. The injected Matrigel rap- 
idly formed a single, solid gel that persisted for at least 
T ( 0 days in the mice, Mice were subsequently killed, . and 



gels were recovered and processed for further studies. 
Typically, the overlying skin was removed, and gels were 
cut out by retaining the peritoneal lining for support. 
For most histological sections, the skin and underlying 
peritoneum were Formalin-fixed immediately after dis- 
section. ^ 

Quantitation of Neovessels 

Hemoglobin was measured using the Drabkin method 
(46) and Drabkin reagent kit 525 (Sigma, St Louis, 
Missouri). Samples for each point were from five differ- 
ent mice. The concentration of hemoglobin was calcu- 
lated from a known amount of hemoglobin assayed in 
parallel. Protein content of the supernatant fluid was 
determined using the BioRad protein assay method (47). 
The Optomax image analysis system (Optomax, Hollis, 
New Hampshire) was used for quantitation of histologi- 
cal specimens by light microscopy (see "Methods"). 

RESULTS AND DISCUSSION 

Matrigel as a Vehicle for Angiogenic 
Factors 

In developing a more reproducible and quantitative 
angiogenic model, we utili2ed_FGFs that are proven and 
potent inducers of neovascularization. When injected 
alone subcutaneously into mice, neither aFGF nor bFGF 
induced any visible signs of neovessel formation (data 
not shown). This is not unexpected since the factors 
would be expected to be rapidly cleared from the site. 
We tested Matrigel, a solution of basement membrane 
proteins isolated from the Engelbreth-Holm-Swarm tu- 
mor, as a vehicle for the slow release of angiogenic factors 
since it is a liquid at 4°C but forms a gel in vivo. Indeed, 
our studies showed that the gels which formed after 
subcutaneous injection of Matrigel alone were readily 
distinguished from surrounding tissue, persisted for at 
least 10 days, and produced little or no local reaction or 
angiogenic response (Fig. LA), 

Matrigel supplemented with FGF alone produced 
gels that showed a variable angiogenic reaction (data not 
shown). Magnitude of the angiogenic response was con- 
siderably greater in gels supplemented with both FGF 
and heparin (Fig. IB and C). Subcutaneous injection of 
Matrigel plus aFGF and heparin at the ventral midline 
achieved optimal and reproducible responses, whereas 
material injected either anteriorly or posteriorly to the 
midline resulted in less consistent responses. Auerbach 
et al (48) found similar regional differences in tumor 
growth that might also be related to the capacity for 
vascularization at these sites. Dorsal injections also in- 
duced consistent responses, but the abdominal location 
was used almost exclusively in this study. Gels could be 
recovered intact by dissection of the underlying perito- 
neum (Fig. 2). The tissue in contact with the FGF- and 
heparin-supplemented gels contained abundant and 
readily visible blood vessels (Fig. 2). Large neovessels 
were also present on the surface (Fig. 3A, B) t whereas 
small, tortuous vessels were observed within the gel (Fig. 
3C). The effect of age of the animal on the angiogenic 
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Fig. 1- Appearance of Marrigel gels on day 4 (A) or Matrigel 
supplemented with 1 ng/ml FGF and 40 unite/ml heparin on day 1 {B) 
or day 4 (C) after subcutaneous injection. Overlying skin was removed 
to expose gels. Note that surface of gels as well as overlying skin flaps 



contain many vessels. Bleeding seen here was alqo seen with some 
Matrigel/FGF and Matrigel/heparin injections, but these produced 
little or no vessel infiltration and was <XO% of the amount of hemoglo- 
bin found in Matrigel/FGF/heparin gels at 4 days (see also Table I). 



16 U/ml 



32 U/ml 




4 




FIG. 2. Appearance of Matrigel gel recovered after 4 days in vivo*. 
angiogenic response as a function of heparin concentration. Mice were 
injected with Matrigel and aFGF as in Figure 1C but with various 
heparin doses. After killing animals, skin was removed, and gels were 

response showed that vessel formation was reduced in 
young (6 month) animals compared with older mice (12, 
18, or 24 months of age) where the response was typically 
twice as strong. 



cut out with intact peritoneal lining for support and placed on tissue 
culture dishes for photography. Each gel was between 0.8 and 1.4 cm 
long. Heparin dependence of response is apparent (see also Table 1), 



Histology and Endothelial Cell Staining 

Sections examined with the Trichrome-Masson stain 
(Fig. 4) showed that cells invaded the gel within 24 hours 
and persisted for up to 8 days with a progressive increase 
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v Fig. 3. Appearance of vessels associated with FGF/heparin-aupple- 
mented geU. Vessels surrounding gel appear to derive from peritoneal 
. ,: "\ing (A) and skin {B). Arrows, regions in injected gel that contain 
< rtuoua neovessels derived from ramified pre-existing vessels. Small 
' Jtuous tubes are also prevalent inside gel (C # arrows) that appears 
atypical. 



linear structures containing red blood cells which was 
indicative of functional vessels. Sections of the gel were 
reacted with antibody to factor VIII antigen (von Wille- 
I 'and factor) to confirm the presence of endothelial cells 
i association with the vessels. The presence of capillary- 
sized vessels in the gel was apparent at 72 hours (Fig. 5). 



These neovessels were also apparent by 48 hours (not 
9hown) and are smaller than other factor VIII positive 
structures (pre-existing vessels) on the periphery of the 
Matrigel (Fig. 5, arrowheads). Neovascularization was 
hot observed at 24 hours, although inflammatory cells 
were observed in the region between the Matrigel and 
skeletal muscle. 



Quantitation of FGF-induced Angiogenesis 

The increase in vessels in the gels, based on specific 
von Willebrand factor stain as quantitated by an image 
analysis system (Fig. 6), was similar to the increase in 
cells (hematoxylin/eosin and trichrome stain). Measure- 
ment of hemoglobin content indicated formation of a 
functional vasculature at the site of angiogenesis. As 
judged by hemoglobin content, the angiogenic response 
to FGF was time dependent, clearly visible by days 1-2, 
reached a plateau by days 3-4, and persisted through day 
8 (Fig. 6, lower panel) occurring with similar kinetics as 
observed for the accumulation of neovessels (Fig. 6, upper 
and middle panels). 

In the presence of heparin (64 units/ml), the maximal 
angiogenic response occurred at 1 ng/ml aFGF (Table 1) 
followed by a decrease and then a subsequent increase at 
higher levels of FGF. These data are consistent with the 
down-regulation of FGF receptors in the presence of 
higher levels of the growth factor (57). In some experi- 
ments, higher doses of FGF were used (125 and 250 ng 
FGF/ml), and these showed responses similar to those 
observed at 100 ng/ml. In contrast, heparin induced a 
linear increase in angiogenesis in the presence of 1 ng/ 
ml FGF (Table 1). The lowest concentration of heparin 
that resulted in consistent vascularization of the gels was 
40 units/ml At this concentration of heparin, the FGF 
response was also biphasic with an optimum again at 1 
ng/ml (data not shown). The. amount of aFGF (0.5 ng) 
required for an angiogenic response in these assays is 
similar to the levels of FGF necessary for endothelial cell 
growth in culture (49, 50) and to the levels required to 
elicit an angiogenic response in the chick allantoic mem- 
brane (10). Our results suggest that the angiogenic re- 
sponse induced by heparin and aFGF occurs at physio- 
logically relevant doses of FGF observed previously using 
other assays and other angiogenic factors. 



Inhibitors and Activators of 
Neovascularization 

We tested several cytokines for angiogenic activity in 
this assay in the presence of heparin to determine 
whether the assay was comparable to other established 
angiogenesis assays (Table 2), Of the various factors 
tested, aFGF, bFGF, and TNF-a induced an angiogenic 
response (Table 2), consistent with previous reports on 
these factors (1, 11, 51) whereas TGFtf, PDGF, interleu- 
kin (IL)-l, and IL-6 were inactive. 

We also assessed the angiostatic activity of certain 
cytokines when included with aFGF (Table 3). IL-10, IL- 
6 (52), and TGF/3 inhibited the angiogenic response to 
aFGF. The TGFfi dose response showed inhibition at 
concentrations as low as 0.2 ng/ml. PDGF BB was also 
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FIG. 4. Histological analysis of recovered gels: course of vessel for- 
mation. Samples were prepared for histology as described in "Methods" 
at different times after injection of Matrigel containing FGF and 
heparin. Trichrome-Masson stained specimens show the progressive 
invasion of cells into the Matrigel (MG) over 6, 24, 48, and 96 hours 
(top four panels; Mag xi25). By 7 days, there is more organization 



of the cells into linear structures. At higher magnification (X500\ middle 
panel, 7 day), the connective eepta within the Matrigel exhibits large 
blood vessels from which an extension of a vessel into the Matrigel is 
evident (two arrows). At 8 days, many vessels within the Matrigel are 
*»ell formed exhibiting a clear endothelium (End). 



if • 
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Fig. 5. Factor VIU "staining of neo- 
vessels- Gels recovered after 1, 3, 4, and 
7 days *>ere stained with von Willebrand 
factor antibody as described in "Meth- 
odd. n Presence of neove&sels {arrows) in 
Matrigel (MG) layer can be distin- 
guished from existing vessels {arrow* 
heads) near skeletal muscle (SM) and 
collagen (C) interface. Small vessels (72 
hours), horizontally coursing structures 
(96 hours), and ramifying blood vessels 
(7 days) are noted. Vacuoles (v); X40. 



a potent inhibitor probably acting indirectly since endo- 
thelial cells do not express a receptor for this factor (53). 

TIMP, a collagenase inhibitor (21), is also found in 
cartilage (22) where it may maintain cartilaginous tissue 
in an avascular state by inhibiting endothelial cell mi- 
gration (22). Addition of recombinant 0.5 mg/ml TIMP 
in the Matrigel/heparin/FGF mixtures showed essen- 
tially complete inhibition of neovascularization at day 3 
as measured both by hemoglobin content (Fig. 7) and by 
examination of the gel for infiltrating vessels (not 
shown). These observations are consistent with the 
known role of metalloproteases in the invasion of endo- 
! thelial cells through basement membrane (43) and for 
I the role of metalloproteases in angiogenesis (22). 

DISCUSSION 
We have developed a quantitative angiogenesis assay 
based on the ability of an extract of basement membrane 
proteins (Matrigel) to form a solid gel when injected into 
mice and to support a rapid and intense angiogenic 
reaction in the presence of FGF and heparin. Matrigel, 
while stimulating cell attachment and "morphogenesis 
when used as a substratum in tissue culture, does not 
induce an angiogenic response in vivo alone, Matrigel 
has been found to promote the differentiation of endo- 
thelial cells into capillary-like structures in culture (12, 
' 41) and when used as a vehicle in vivo may enhance the 
1 selectivity of endothelial cells entering the gel since 



basement membranes are not readily crossed by fibro- 
blasts and certain other cells. 

Gels supplemented with FGF and heparin induced 
intense vascularization. Numerous large vessels were 
apparent on the surface of the gel, whereas vessels withm 
the gel were smaller and more tortuous. Vessel formation 
was quantitated by measuring the hemoglobin present in 
the dissected gels and confirmed by histological staining 
for von Willebrand factor and with Trichrome-Masson 
stain- Vessel formation was apparent as early as 2 days, 
reached a plateau after 4 days, and persisted up to 8 
days. Maximal and consistent responses required both 
FGF and heparin, and distinct concentrations of each 
factor were required for optimal responses. The site of 
injection and age of the animal affected magnitude of the 
response. 

The correlation of hemoglobin content with vessel 
formation was previously described using alginate-en- 
trapped tumor cells to elicit angiogenesis in vivo. Factor 
VUI-stainable vessels were found to correlate with he- 
moglobin content and pooling of radiolabeled red blood 
cells at the alginate injection site (38). The requirement 
for heparin with FGF in angiogenesis assays (54) and 
fibroblast growth and differentiation (55, 56) appears to 
be due to both a stabilization of FGF and conformational 
changes in FGF required for receptor binding (57). Hep- 
arin also enhances the angiogenic activity of factors 
produced by 3T3 adipocytes (58), recently shown to be 
mediated by monobutyrin (16). In our assays, aFGF was 
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Table l. Acidic FGF Demonstrates A Biphasic Angiogenic 



DAYS 

Fig. 6. Quantitation of neovascularization. Histological slides were 
examined with an Optomax image analysie system, and mean area in 
a 20X or 40x Held was quantitated for elides stained with von Wills- 
brand factor antibody (vWF) or Trichrome-Maason atain (Trichrome)- 
Each point represents mean area per field (*10 B ft* 2 ) of 10-20 fields, 
and error bars are for standard deviation from mean- Hemoglobin 
measurements at these time points were determined as described in 
"Methods" and Table 1. Data represent the mean hemoglobin values 
from at least five mice per point with SEM as indicated. 



potent at concentrations reported previously to be effec- 
tive in both in vivo and in vitro assays. The course of the 
response was also comparable to results obtained with 
FGF in other assays and similar to that reported for 
other angiogenic agents like angiotropin (17). Heparin 
was required for angiogenesis in our assay even though 
heparan sulfate is present in the Matrigel possibly be- 
cause the amount of heparan sulfate in the Matrigel is 
relatively low compared with normal basement mem- 
brane (59) and since FGF remains bound to heparan 
sulfr+e proteoglycan until released by enzymes (60). Not 
unexpectedly, the angiogenic response to FGF occurred 
more rapidly than the response observed with alginate- 



Hemoglobin* 




* g/dt 


aFGF (ng/ml) fl 




0 


0.2S = 0.36 


0:1 


i nn <+- n <m 


1,0 


3.20 ± 2.xU 


.10 


0.23 ±0.15 


100 


0.94 ± 1.18 


Heparin (unit5/ml) f 




2.0 




6.0 


0.04 ± 0.03 


20 

32 


0.15*0.20 


0.16 ± 0.49 


40" 


0.69 ± 0.60 , - 


64 


2,7*2 ± 1.00 


"MatriRel gels contained 64 units hepa 


rin/ml and were processed 3 


davK after injection. 




h Values (±se) are averages of at least five aniraals- 


' Matrifiel contained FGF at 1 ng/mf for each experiment. 


" ND. Not detectable. 




'Heparin at 40 units/ml was the lowest concentration to yield 


consistent vessel formation. 




Table 2. Detection or angiogenic 


activity Using Various 


Neovascularization 


Factors 


Faccora Added to Mairiyel + 


Hemoglobin 


Heparin 






None 


0.10 =t 0.02 


aFGF (1 ng/ml) 


1.30 ±0.07" 


TGF/9 (20 ng/ml) 


0.06 ± 0.02 


PDGF BB 




2 ng/ml 


0.10 ± 0.06 


20 ng/ml 


0.15 ± 0.03 


200 ng/ml 


0.07 ±0.03 


PDGF AB (5 units/mi) 


0.11 ± 0.04 


IL-1/9 (1 ng/ml) 


0.22 ± 0.02 


IL-6 (10 ng/ml) 


0.18 ± 0.05 


bFGF 




1.0 ng/ml 


0.14 ± 0.13 


10 ng/ml 


0.20 ± 0.17 a 


100 ng/ml 


0.86 ± 0.70 


TNF* (X0 ng/ml) 


2.30 ± 2.00 s 



Matrigel (0.5 ml; ana heparin \+v unra/mi; were uiwcu w» w * 
factors and injected subcutaneouflly. Responses were quantitated 4 days 
later. TGF-0, PDGF BB, IL-6, IL-l/J. or PDGF AB did not induce 
neovascularization. 

- Acidic FGF, basic FGF, or TNF-a were potent inducers of angio- 
genesis. 

encapsulated tumor cells (38), which presumably require 
some time to generate their own factor(s). A related 
angiogenic factor, vascular permeability factor (13), has 
been shown" to induce vascular permeability in vivo at 8 
ng/animal and is active between 0.1 and 2 ng/ml as a 
mitogen for endothelial cells in vitro. In addition, the 
vascular permeability factor induces angiogenesis in the 
rat corneal assay at 20 ng (13). An unrelated chemical 
inducer of angiogen sis, monobutyrin (16), has been 
shown to be angiogenic in the chorioallantoic membrane 
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Table 3. Inhibition of Anoiocenesis by PDCF, IL-10, IL-6, 
and TGF-0 



Factors Added 10 Matrigel ■*• 
Heparin +• aFGF 


Hemoglobin 






None 


1.30 it 0.07 


TNFa (10 ng/ml) 


U0±1.10 


TGF0 




0.02 (ng/ml) 


1.70 ± 1.50 


0.2 (ng/ml) 


0.0S ± 0.05 


2.0 (ng/ml) 


0.15 ± 0.13 


20 (ng/ml) * 


0.24 ± 0.25 


PDGF BB (200 ng/ml) 


0.16 * 0.07 


IL-lpKl ng/ml) 


0.L4 ± CU0 


IL-6 (10 ng/ml) 


0.17 ±0.12 



Gels contained aFGF (I ng/ml) + heparin (40 units/ml) and various 
cytokines. Hemoglobin levels in the gels are shown after 4 days. TNFa 
and TGF-0 had no effect on the angiogenic response. PDGF BB, IL- 
10, IL-6. and TGF-/3 inhibited the response. 



Angiogenesis: TIMP 

(1 ng FGF/ml; 64 U Hep/ml) 



3.0 



I 



2.0- 



l.O- 



O.O 





Day 



Fig. 7. Inhibition by TIMP: TIMP (collagenous inhibitor) is a 
potent inhibitor of aPGF-induced angiogenesis. Recombinant TIMP 
protein (0.5 mg/ml) was included with Matrigel (0.5 ml), FGF (1 ng/ 
ml), and heparin (64 units/ml) at injection {hatched bars), Gels from 
at least five animals per point were analyzed after day I or 3. Shown 
£ , /^^ 0mP i arison Me he, »oglobin levels in gels that contained Matrigel, 
FGF, and heparin but lacked TIMP (solid bars). 



assay at 20 pg (0.14 pmol), whereas aFGF in our assays 
is active at 0.025 pmol. 

Other cytokines were tested in this assay including IL- 
1/3, IL-6, and TGF-0 and these were found to be potent 
inhibitors. IL-6 enhances production of THVIP (61), 
which may inhibit collagenase and endothelial cell mi- 
gration (62). TGF0 inhibits endothelial cell proliferation 
and migration (63), although it exhibits angiogenesis in 
vivo in some assays (64). We have measured the content 
of TGF0 in the Matrigel to be 8-14 ng/ml dependent on 
batch. However, all TGF/9 is in the latent form, and we 
cannot detect any active TGF/? in the preparations using 
the CCL64 mink lung epithelial cell bioassay that meas- 
ures inhibition of proliferation of CCL64 cells by active 
TGF/3. Therefore the observed results with exogenous 
TGF/i (active form) reflect activity of the added factor. 
IL-1 has been shown to regulate endothelial cell growth 
via autocrine mechanisms (65) that may lead to pro- 
grammed cell death (apoptosis) as is observed in endo- 
thelial cells deprived of FGF (66). TNF-a and bFGF 
induced neovessel formation. TNFa has been shown to 
activate macrophages (51) that in turn produce angi- 
_ ogenic factors. 

In summary, the advantages of the assay presented 
here are that it is rapid, reproducible, quantitative, and 
does not require a surgical procedure for implantation. 
It allows detection of both angiogenic and anti-angi- 
ogenic factors and may allow Isolation of those endothe- 
lial cells that penetrate into the gel. We have also used 
this system to assess the capacity of mice of different 
ages to initiate an angiogenic response, and this type of 
study would be of interest in both hypertensive and 
diabetic mice. Such systems may be useful in identifying 
and isolating biological factors and drugs able to regulate 
angiogenesis. In addition, the potential exists to induce 
an additional vascular supply in wounded or ischemic 
tissue where it is needed to restore normal healing and 
regeneration. 

METHODS 
Animals, Cells, and Growth Factors 

Female C57B1/6 mice (Jackson Laboratories, Bar Harbor, 
Maine) were used at 6-8 weeks of age. Heparin was obtained 
from Gibco/Bethesda Research Laboratories. Bovine aFGF 
(HBGF I) bFGF (HBGF II) and TGF-0 isolated from human 
platelets were from R&D Systems. Recombinant TNF-a was 
a generous gift from Dr. John Isaacs (Johna Hopkins Univer- 
sity) and was originally obtained from Cetus Corporation. 
PDGF and recombinant IL-6, were from Collaborative Re- 
search (Bedford, Massachusetts). IL-1 was a kind gift from Dr. 
Nigel Waite at Upjohn. TIMP was a gift from Dr, David 
Carmichael (Synergen, Boulder, Colorado). CCL64 mink lung 
epithelial cells were obtained from American Type Culture 
Collection (Rockville, Maryland). 

Preparation of Basement Membrane Mixtures 

Reconstituted basement membrane (Matrigel) was prepared 
from the Engelbreth- Holm-Swarm tumor as described (45), 
sterilized by dialysis against chloroform, and stored at -20°C. 
Before use, Matrigel was thawed at 4°C and placed immediately 
on ice before addition of aFGF, heparin, or other growth factors. 
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Matrigel prepared by standard methods consists of 5-10 mg 
protein/ml and yields reproducible results in the angiogenesis 
aesay. The commercial source of heparin (Gibco/Bethesda Re- 
search Laboratories) is critical and only batches yielding con- 
sistent results were used. 

Histology and Factor VIII Related Antigen 
Staininc 

All specimens were fixed in 10% buffered Formalin for at 
leasi 24 hours, progressively dehydrated in increasing percent- 
ages- of ethyl alcohol (70, BO, 95 f 100, 100, and 100%)., cleared 
in Histoclear, embedded in paraffin under vacuum, sectioned 
at 5 thickness, deparaffmized, and stained with Harris 
hematoxylin and eosin (67). 

Selected specimens were also stained for Factor VIII* related 
antigen using an immunoperoxidase method (68) or Trichrome- 
Masson (69). Briefly, 5-miti sections were placed on silarmed 
slides, dried overnight at 64*C, deparaffmized, hydrated, and 
placed into 3% hydrogen peroxide to quench endogenous per- 
oxide. After rinsing in deionized water, the slides were enzy- 
matically treated with 0.05% Pronase (Calbiochem, San Diego, 
California) in PBS with 0.114% EDTA at 37*C for 20 minutes. 
Enzyme activity was then abolished with 95% ethanol for 5 
minutes. After PBS rinsing, rabbit anti-human von Willebrand 
Factor antibody (Dako, Carpinteria, California) diluted 1:1000 
in 0.05% nonfat dry milk in PBS was applied to the slides that 
were placed in a humidity chamber overnight at 4°C- After 
rinsing in PBS the next morning, test slides were incubated at 
room temperature for 20 minutes in biotinylated antirabbit IgG 
(Vector, Burlingame, California) diluted 1:1000 in PBS with 
0.5% nonfat dry milk. Nonimmune goat serum (5% v/v) was 
added to block nonspecific staining. Slides were then rinsed in 
three changes of PBS, incubated for 20 minutes in horseradish 
peroxidase conjugated streptavidin (Jackson ImmundResearch, 
West Grove, Pennsylvania), diluted 1:1500 in PBS with 0.5% 
nonfat dry milk, rinsed in tap water, dried, mounted in Crystal 
Mount, dried at 80*C for 20 minutes, and coverslipped with 
Permount. 

Image Analysis and Neovessel Quantitation 

To measure the total area of neovessela, a computerized 
digitalyzer, the Optomax image analysis system (Optomax), 
was used. This system consists of a high sensitivity CCTV 
camera mounted on a Nikon Optiphot-2 microscope. The image 
is displayed on a color video monitor that is interfaced with a 
microprocessor. Histological slides stained with von Willebrand 
factor antibody or Trichrome-Masson stain were examined by 
adjusting the color contrast to enhance the specifically stained 
vessels. The mean area per field (xlO & ^m 2 ) from 10-20 fields 
(20x or 40x) was calculated with standard deviation from the 
mean. The vascularized area to be measured was chosen for its 
proximity to the skeletal muscle/collagen interface from which 
the neovessels originated before entering the Matrigel. 
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Autogenesis: Quantitative Assessment by the Chick Chorioallan- 
toic (vfembrane Assay 

Joe* MwtekP. Maria MirW. Ry**«l Mczak\ Stasia* Xonm«» «id BarUara 
Deparancm. of '^rmucoW, ,«« and Cyncco.^y. or rtcdlc. R*W. .■«*.»- 



Recently, a very .simple mclhod. bawd on ihc cxi ii»a- 
INTROWUCnON fph.^hik oT DNA «yiUhesls. ha* been used by Thompson 
The ohwrigallanf <mc membrane (CAM) u f . m. J. J. ^dative atscamcni of the ualotfnic 
embryo l.» U*„ i,««.l..«U by rolk.nnn (13 and 1.* response on CAM. However, ihi. method fc «rf«blc 
college* u> ~ poolin* (up ro five, of CAM, is po«iblc 
„.,„«!. normal itauce. =r»d cells (1 , 4. k, I J). A«oys on y or ^ j^,^, w „. 
on CAM coflrthutc a br-BMCafc «re«ima ten or j> h^o pr^ r^^lc 
«ul»iueei ihat promote or Inhibtt v 9 «utar arowth (J uli <p (-^ . ? ^ We 
7. U. 15). Deipltc such wide u«. the CAM -wy *J , Xe mScU ccordinely il.< cri fi innl ,„c1h«J of 
llmiuiimu. such as .he problems of d.rryrcntuu.on of tf) 27) a(ld lllc prw4nl r e M .., S sho* thai 
«** formed vc«ct, from .he hydremic rc.pon« Tho np. on^ « £J ^ ^ 3Wy ^ hc lKod 
rrom.hcutcch.nicd.frworimpl.n^na^cprobc™ o« ^mirnCvrfy nnKios.nic n^vi.y on in- 
related .o ihc-Unroutw rcKtwni cnur|n g on. day J cM 
of 'embryo ilvcloprncni (■*. 5. ft. 18. i-h ^ 

Scv^l procedHra were inirodiittJ £ opnmue y.s.ai METHODS 

auMtiueni of vascular ratponv of Cam, onvM ly MAIUUAW at. 
relying on the arblcrary **\* (>3. 21 >• These : mc ujle: ^ CAM W pO.P* 

shell-lea culture of chicle embryo (2. 10). csUmJ t on v«u hens , ei (A , rr3 , SwC den), «*h«l >n wa|*r 
of vascular dcwlty within wpenmpowd arclc Ifi, 1). r w , n ^n,, CIh3JW , wC re pLiecd 

,he catcubtion of cocffirftnl of W<^™ tn * Z humldined incuh a ,or ». 37-C, On day follow- 
th L . uso or auiom:tiie im;n;c unnlywr (Z«. howc w. mi rc ,,, 0V9 i „r O.S ml of albumen, the window was 

'thue procedure, *ull suffer from _ iiibjcctiviiy of '"J^* ^ el| ovcr M aIr spaC c to e,po,e CAM. 
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On day 10 of embryo C ruwi)v, in peptic eondirionj, 
dice* (2x2x I mm) of meningioma, adenocarcinoma of 
*ndonKtru\ni or normal endometrium (obtained im- 
mcilirticly following surgery from the Dcpnriroenui of 
NcuroMiraeiy or Ob*t«tl« and Gynccolocy, District 
■Ho*pil*l. R«**0*0 wei ' c l^ cd directly on CAM or 
separated from it by a sterile Millipore filter, .0.4*5 *m 
(Miilij^r* Corp.. Bedford, tfw* USA). During far- 
ther Incubation for 5 days ilw vtosek of CAM were ex- 
' amined each day under a siercomicroscope in a Winrt 
(Vhion and the *cr>r«* aecordinc lo the arbilrary scale 
(13) wus aligned, tach tiwuc was imptamed on 
CAMS and median of CAM maximal score* (oceuf- 
rln B usually on tlay IS) frr each clinical specimen was 
recorded. Ihc frequencies Tor each scorintt interval (SM 
' RcwiltO were mbubicd and the chi square test wa.< used. 

Estimation of ON A syiiO^NW 

The entire procedure of THomr*oii a/. (2*7) was 
modified. MeihyW'Hlihymidine (specific activity: 57 
Ci/mniOl, Amerslum, UK), iwuaJly at a doj* of 2.0 
^Ci in 0.2 mi of phosphate bartered salin* (PT3S). was 
Incubated with CAM w. vivo In most experiments for 
2 1n\ roUowini liKubailon. eta c^s were placed it 
<-..20 0 C for 30 him. Ihc CAM was cut out, rinsed 
thoroughly in ice cold PBS, weighed and homogeniz- 
ed (Polytron, "Mi'WO09) In 2 ml of water fot 5 mm 
at 4°C nnd illslnlcgrauad for 30 at 4°C In the 
UUrationic Dttr. legator (UH-U). During mixing, 0,1 
ml of the homftgcnaliS removed for calculation of 
the total ladiOActWiry in dpm. Homor;ena» (2. ml) was 
thou mt,<cd with 5 ml of ice-cold 5Vb perchloric acid. 
ITui precipitate obtained afrcr cratrifueation (2500 xc. 
10 min 4*Q ^as washed twice with 5 ml of 5Vo per- 
chloric acid. "Hie precipitate wa* then shaken and wash- 
eJ iwice (each time with ccntrifuuation step, as above) 
successively with 5 ml of the following solvents $6* 
cLhaiiot, Wi ctfunokcthyl ether mixture (A; I v/v), and 
ethyl cilvr . Follownc evaporation of ether, (he 
prtcipiiatis was treated with 5 ml of 5^o perchloric acid 
and heated to %<*C for 15 min. Art cr ccntrif oration 
the Mipcni-uw« wiijt«lWided. 0.5 m» dfsupcrnaiam was 
neutrally (wirh 0.1 M NaOll) and the radioactivity 
ww estimated in a RecVman U5-7O00 scintillation 
counter tKing 1 1 number for quenching determination, 
in die acennd part of the supcrnarant, UNA was 
meajTired-cotorimctrieaHy (17) following addition or 
diphenyl amine and with the help of Spccol colorimeter. 

The radioactivity measured (in dpm) in ihc fraction 
containing OKA <xpt<*xol in percent or total 
radiooctWiry of the hftmoccnaic Perceni of incor. 



porjtcd thymidine io DNA of CAM, following various 
treatments, wns expressed as mcan±SEM cind rhe 
result* between various aroups compared by the 
Kniikal-WalUs test* Coefficient of vtvriation, CV, 
(SOxtoCV-t. wit also calculated* 



TWfme exlracui 

Tumors or control tiwuci were homoccnized in PBS 
(1 g/10 ml) for 3 min at 4«C and ccnixifugcd to removc 
■ particulate material. Supcrhaiams were decanted, 
dialyxcd (4000 cui-orO ajaiiWt diftillcd wafer for 24 
hr at 4°C then lyophtlixcrl and stored at — 20 fl C until 
use. All solutions -of extracts in PBS were adjusted ro 
the same (l 8 /e) protein concentration, applied onto 
"CAM at a volume of 0,2 ml and incubated at M *C for 
22 hr followed by application of PH]ihymidine for 2 hr. 

KGF and drufis „ 

Pure natural mouse epidermal growth factor (EG10- 
(synchedied by Dr. M. Gregory from l,CJ., Alderley 
park, UK) was obtained from l»rof. S. l^onturek ai a 
lyophilizcd sample, Doxorubidn and bleomycin were 
obtained from a local pharmacy. EOF and drugs Were 
dissolved in phosphate buffcrred saline (l Y BS) just 
before use, applied onto CAM at a volume of 0.2 ml 
and incubated at 37°C for 22.hr followed by 2 hr in- 
cuhatiort with Thymidihe- 



Vudal a*stfipment of ao(*loj;C rt «ls 

Tlic ansiogenic acdvtt<u of various tissues are shown 
in Table l. The maximal vascular response was attain- 
ed on day 15 and occasionally on day 14. A typical 
spote-whccl response to the implant of meningioma 
(scores: 4.0 + ) is shown in FiflUTc I. When slice* of. 
adcnocardnom-A or endometrium (3 cases) were heated 
(l0O ft C for 30 min) they evoked angiogenic response* 
in CAM scored between 0.1-1.0 + . 

J)KA cowient in CAM 

Table 2 show? that DNA content per mg of CAM 
was similar in embryos or various agei. When the sJiecs 
of normal endometrium were implanted on CAM, 
DNA content —measured on day 15 — umountcd'to 
1.36±0.1I fi^/mg or CAM (menn±ST2M, n = 6)and 
was eompwablc to the DNA cqiham of untreated CAM 
CTiiblc 2). 
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I'AfU.K 3. DSA cuufcut in CAM of embn» v "™* Air* 



nr.. 1; CAM ttf 1 UUr "W id^rk emtayu in«niiwitfU ft* i *nli 
impLinl-fO i^-nitiruiiAy, ^lll* Wo-hI *am?K *lmw r.iiluil * Inn Aim foiiiv 
mK J opVM ^spiikt; wti«.ulv. 



ON A syn flirt to 

liicrwi\int! aruounu of I'niiiiyitiiaine applied in 
CAM for JO ihm\ produced linear iJicnrpofQtinu Into 
DNA (Wg. 2). n$ure J iUiiSLr-ue* the iwarporaiiun or 
thymidine to DNA when J conM;wi do«c (2.0. ,.Ci) was 
applied onto CAM Tor vanoua Llnw inter viil*. Iidiial 
linear incrcnve oC Incorporation of thymidine declined 
after 2.0 hr to a plateau. Coefficient of variation of 
nitft mcrihurciiwnis were between 10-20*0, and 2.0 hr 
lime of incubation of ("Ullhyiwdin* whh CAM m* 
chwsn Tor further cxpiainicr"* nxpuf iniisrm fclaiin{s 
tiju- or CAM with the decree of ihymidinu htc»i pa- 
tina turn HNA tHfi. 4) indicated thai crow th of CAM 
was lordly completed by day 11 of embryo develop- 
muni. Yar subsequent experiments. U or i2.day old 
embryos were mcd. 

rumor extracts, when incubated with CAM for lA 
hr> ciKairicanQy increased incorporation of thymidine 



Aye af 
embryo 

10 
)t 
II 
1} 



TtvJW 



ON A. /ip/AiS «f CAM 

1.40^0.12 
I, IB i0 08 
lJo*0W 



Numlurr <il 

5 
4 

11 

16 



inio.ONA Of CAM (Tal>le 3). CV 5 of thete 
miMHuremenw were between 13. 1-17.2%. 

Similar to lunw ex'racu, epidermal arowih factor 
(fcCF) stimulated incoi porailon of thymidine Into DNa 
of CAM (Table 4), while cytouaxics, doxorubicin and 
bleomycin inhibited incorporation of thymidine into 
DNA of CAM fTable 4). In the ea*: of bleomycin some 
embryo* died following drug treatment. 

DISCUSSION 

Tha visual assessment or anS'OS^' 1 -* ripens* of 
CAM of cluck embryo precluded laiflMeate tcreeninft 
or potential angiogenic ru nuances in U\is away. A Sim- 
ple qualitative method Introduced by Thompson <v 




4 *Qf (SM]THVM(0|N£ 

Va.\. 1. ETfca of iflcrctoittt cotwcmi«ion« nf pHtthymnliftc iPflUcd 
l„ CAM \\\r W iiwbs 10 for ouh Jo^c. McWM *S£M aw ihown. 



08-DEC-2000 09 : 09 



FROM UUA NEDICAL LIBRARY 



TO 93252883 



P. 05 



224 J. Splawin?M - ilL 



1 



o 




^ UJ. 3 Ellw.i ut\vti<i,uu ai»%« (Mi Ft >l I'MVnymitlicic appJicJ w 
VaM <>* vftrifui* imnMHin Umiv. n - & lor «cU Urn* Mciry r-Sl'M 
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rvrim^t^ p/Tl'anivcI on knit for U h( M room lcmwfawrt. 



— v. i 



1 



a io « « « 15 
i&E &f EMQftyos /days/ 



FItr -I. ThvmidiDC iiKOrporaiinn in CAM urinous apes. CAM* 
mcubftjr J wiifi 2.0 *C t or f h hymidlHu Mi 2 hi : n = minimum 4 Tor 
pui'H dn>\ Menu i-Nt^M u/c ^lifi^H. 



ai. (27) require?!, because of low precision, Icir^c 
atnoums of CAMS- Introduction). The airn of the 
present work such 4 modification of the procedure 
nr Thompson «t oL (27) which would increase the prec^ 
(lion and allow for assay of individual cfcg*. 

Our aspy measured the ratio of thymidine incor- 
))nrired ituo DNA to all forma of thymidine binding 
in CAM reprinted by the total radioartivity in the 
imiial homogiiiutc, Accordingly, the result* were in- 
dependent of Die CAM'S wcifihi, and transfer of tout 
radioactivity added io CAM in Wvo was not crtrical- 
The UNA content per CAM'i weight wus similar dur- 
ing 1CV15 days of embryo development (Table 2). aUo 
in the presence onhc implant. Wo ili'mk that low preci- 
sion of the original method (27) resulted -from varia- 
tion in the CAM'S weight arid uncontrolled I""" or 
radioacdviry during isolation of CAM. However, in the 
prc$onl assay, isolation or DNA required lipid* removal 
and separation from. risque proteins. The simple method 
of Isolation of DMA {21) appeared to be sufficient for 
the present purpose*, ai evidenced by the linear incor- 
poration of thymidine to UNA (Fig. 2). In this experi- 
ment results were expressed ai dpm per CAM, being 
rhe original data and were in agreement with that of 
Thompson tr/ at. (27). The stcady-*tate conditions for 
percent of thymidine incorporated to DNA were ob- 
tained after 2-3 hr of pH)thyrnidino incubation wiih 
CAM (Fig. 3) and 2hr incubation time was chosen for 
present experiments. Fieurc 3 also shows that wim mir 
approach, precision of the assay w;is increased, as com- 
pared io die worV of Thompson erf <//. (£7). and coeffi- 
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Y Mil IM. rrf.^s u| rtW, 'xUtxnntlMn. ^vonn.i Hllll., Wrrt^.U,* iu UN V ur CAM 



Tfw\l»UVCu» 
t'U.S 

KCiV : 0.: ^ 

riii* 1 1 j * fK/vpx 

Ul.l Jrt^'tfn: c»i.'v 
at t] fiml H Hi) 

jt o an J J? hr) 

-v-?on5; ^ 0 lit 

cicntsnr v.iriylion of the miusurcriflenn irwoir^hotK ihc 
entire Ntti'ty only exceptionally exceeded XWa. The rcuc 
Of DMA synllii'.sh was dependent on the njsc »f the em- 
btyo- Gy d;iy 1 1 of embryo development DNA*yiilliesi\ 
niQ\iin;il (Hb» 3 )« in aflrctfrticut with dnu of oilier 
n-WU-i (3. 27). Therefore, IMJ day-old cmliryo* *u-r« , 
\imM for piexuiu c\pL-r in wnls. 

The foltowinu cf:tra nuy mdicnw (hu( the simple 
method of niowjwn ct oA (27) lu on' moJincaito.ii 
on <|iinmluiivdy measure stimulation or ynyi"i;euois 
. oo CAM- U bav been domomarmed thai meningioma, 
uric llv mow hlchiy vascular i/ed tumors, induced 
Mtong iiM|tfor;niiv-rapon«'nn CAM (20). We have con- 
flrmtd tlusfuvlins in the present work fOhle I, Fiji. 
IV Kximci r>[ meningioma won round to Incuse 
.nianincaiuly (p<n.0l) incorporation or thymidine to 
HNA as incaMtfctl by our method iVoblt 3). This result 
Li in nrnxmrm with autoradiographic studies of Kelly 
e / .a/Ml'Jji who observed the Largest increase in 
thymidine lnbclinn index fallowing incubation o? 
mL-iiiHKi«ma-coni1iiii»ncd medium wtih endothelial 
alburn. 'Die other mmors which induced positive 
respond on CAM ;iwcm>cd qualitatively, /.c, implnnis 
of adenocarcinoma of eiulomcuium (Tahb I), oImi 
wunlficmtty incraiNcd thymidine incorporation to HNA 
.'if tisu»*W by our method (Table 3). IIk* *Eiiuulniin« 
effect? of tumor extracts ^a* htuired by UGF (Table 
-i), similar io its cfreel on vciscU in ih<- tvurvaer chick 
pouch (34) aihI on endothelial culture* <9V In addition, 
doxorubicin And bleomycin, the DNA-i-ymhcs* in- 
hibitor*. Mp.mflcmity deerL.iMid. iaconwraticn. oT 
thymidine to DNA or CAM us evMntued by our awy 
Ittthle 3h Thit indircvi evident inr^esn di.n our 
method olfcr* die possibility of quuniiUttWc nsju^ment 
of ani'imicnesls on CAM. 



tit iTK> 



*\ »M ibymuJinc 

inwjn *StsM) 

J<.7 i, ,1,1 
J\Aj;.l..l 



1 31 fl r M" 



in tlitfic M\idics wc have also demonsiratcd ihai car- 
cinnma of vndomctrium of ch« conm* uteri po5scsi.es 
anj,Mii^nic activity. ThiJ L«. believe, the Hrvt such 
ohNctvrttiun. How -anflioccnic activity a>mribuU'« io ihc 
spread oT eardnom;i of cndomeirium noi known. 
However, morphological Kiudics arc in p/o^res< to find 
otii whether ousels of the uicrus affcclcd by the 
■aden ecu rein oma show signs of activity of angiogenic 
factor. 

Irt ihc present method incorporation of thymidine 
in all cell types in CAM was followed. Therefore, the 
ociion directed spccincally towards one type of cell- 
vottld'nol be differentiated. ThU te the cttsc of anil- 
angioijcnie ugcntK, protamine or hcparm-ooriisonc mix- 
ture , <ipccincally dfrwlinc ondothclial cells, as oppos- 
ed to cyiostaiiu, iiaina on DNA of all cell type* 

Io conirasi to ymi-arigiocencsis. stimulation of 
anfiiotfirncsls nppear.s fo irwoWe all embryonic cells nl" 
CAM. All cell types in CAM an: stimulated by vmiouv 
angiogenic faxiors, as evidenced by *moradiofiraphy 
(y, 27). Several cro w th faaor< such a* cpidcrmul and 
fibroblast yowih factors (t-GK and FOH «timuluie 
both anelOAetiCbis tit vivo and endothelial growth in 
culture (0, 24). Factors po«scs«ins tmrindc niitoccnic 
activiry. such su' HOF, FGl-\ .trans foi mm g srowth 
- f.ictor.nlpha <TOF-jtlpha)» tumor ang<OB«A<*w facior 
tTATO* and chor.drosnrcomu-dcrivcd cndoiheleil cl-II 
Bpwth factor are not ceU-typt specific (1 4. 16. 25. 29). 
It sevrtK. iherufore, thai the prcSdAt method is siriinblc 
Tor meanirenwnt of angloftcnic activhy of vanoo* 
Lifi<iie^ Such ,i method ihould be useful Tor further 
^indies oa aiiyiOijL-nig f^cior^. h 
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ABSTRACT 

The feusihiKrv 0 f som^lr i^m „ . 

"hour S„ K /IO" cells ner 24 h T ^"J 1 ,nSU,,n at 
Ehicns* n*.,*.- »y niised con centra tons of 

bu tyIX „ Ilt hi„: Sd I™ Jn; n,nt ' 5 mM " to,nefhyi - 

At^i^OMtliis-i ^ cells f2x • , 



(Mu/n,,) m.cc, and the mice were made diabetic by 
•nject-on of ? tr.p„«, ro ein after 7 days. Release of 
human .nsulm ,„ „„ aMeMed usi 

con 8 r,' , r Wn C - Pe, " ide ■•»>■■ C-p^riSe 
conctttrinon. were maintained „r ,hout 0-1 
pmo /ml throughout the 29 days of the s ,udy The 
development 6f St repro*o.ocm-i„duccd hype^Jv! 
caemn was delayed i„ recipient* of the cell 
releasing human i nsuijn , compared with I controJ 
«roup rece,v-i„ e a „ impIam of non-tr^nsfee'e^ S 
At autopsy the .mplanted AiT20MrIm,-M cells in 
each reeppt h a d formed a rumour-likc 

cell,. The study suRgesw that SOma , k ce „ « 

Journal of MoUmfor E^docnuvhgy (199,1) 11, 335-34J 



INTRODUCTION 

■ *onS" el ™r^h PW-ulin *ene in 

^"«.vinir cells fron,,, i l ? , be •"'"^ hy 
•»K them w h rh H *" C ^' nor ' " nJ "Wecu 

promoter Cell,* pPepro "" u "'»> «•■>«■' link-d to a 
iene can he ,nc < ? r P° r "'»« »»d expressing , he 

Sneered cells can h" " reS,Stanw 'Hie c„- 

<<> «hc donor Tjj^'' m ™ ,lUre and 

anu human m.sultnx (Lomedico, 1982; 
,.f .\t,j rr „)„ r /■:„,/.„„„„, vflim 



r L v U ^ * '. Ru " er - ,98J : -Moore e/ a/. J9 8J-' 

19 ^- s S i„ce proinsulln ISs l^e.t 
msulm) (Revers r/ „/. 1-084). i, ia imporram mat 

bec^u e t Lv * P V Partku! «'>- ««fi,l mode 
f^Z ' PUKS " S Tht "I"'"*"* endopeptidase^ 

i-'HJ, laylor & Dochertv, 1992). 

,nli e PreS f. nt $tUlJy in ^»f»«ited the feasibility of 
° m ' C ccjl gene therapy using AtT20 cell! 
ramfeeted wuh the human preproinsulin Ke „e. ?he 
iruuUn-releKinff activity of theee oeH s ha/ been 
3nd /» vivo after .mpJantation into 
immuno.ncompetcnt nude mice. The mice 
subsequently treated with strepto 2 „,oc/n (ST Z )"o 
k.l endogenous ,n,Llin-*ecre,ins ialct B-cell s ind 
-nduce a state of insulinopenic diabetes, in.uhn 

•urnal ,,r F. n J< Wfln ,^. ,. ld p rnl , (J - u ^ 
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released by the imp Lint was distinguished from 
endogenous murine insulins using an antiserum 
specific for the human C-peptide, which is co- 
secreced wirh ihe-human insulin. 



MATERIALS AND METHODS 
Chemicals and animals 

Cell culture reagents were from Gibco-BRL (Pais- 
ley, Strathclyde, U.K.), STZ was from Sigma 
Chemical Co. (Poole, Dorset, U.K.), human 
C-peptide antiserum, tracer and standards were 
from Novo Xordisk Diagnostics (Cambridge, 
, Camhs, U.K.), insulin antiserum GP6 was a gift 
from Dr D. F. Steiner (Howard Hughes Medical 
Institute, University of Chicago, Chicago, IL, 
U.S.A.). rut C-peptidc 1 was ^a gift from Dr S 
Hampton (University of Surrey, Guildford, Surrey, 
U.K.) and high-performance liquid chromatography 
(H PLC) -grade ethanol was from Fisons Scientific 
Equipment (Loughborough, Leics, U.K.). 

Adult male athymic nudt (nu/nu) mice weighing 
20-25 g were obtained from Bantin and Kingman 
(Hull, Humherside, U.K.). Mice were maintained 
in an isolated environment with filtered air at 22 # C, 
with 12 h light per day (08.00-20.00 h) and a 
standard pellet dipt (Mouse Breeding Diet I; 
Heygate, Northampton, Northants, U.K.) and tap 
water available ad libitum. 

Transfected cells 

The AtT20 murine pituitary corticotrophic cell 
line, transferred with the pMtNeoIns recombinant 
plasmid, was established and maintained as 
described previously (Taylor & Docherty, 1992). 
The plasmid contains a full-length human 
preproinsulin cDNA (511 bp) driven by The mouse 
metnllorhionein-1 promoter and ending in SV40 
splice and polyadenylarion sequences (Fig. 1). The 
plasmid also contains genes conferring resistance 
to amptcillin and G418, to serve as selectable 
markers. The pMtNeol plasmid was kindly . 
supplied by Dr K. Peden, NIH, Bethesda, MD, 
U.S.A. The transfected cells, previously termed 
AtT20pMtNeohPPI/l (Stewart et at. 1992), have 
been renamed, AtT20MrIns-1 and the clone > used 
in this study was AtT20MtIns-l-4. 

Cells were cultured in Dulbccco's modified. 
Eagle's medium (DMEM) supplemented with 10% 
(v/v) fetal calf serum, 2 mM glutamine, 100 ug 
streptomycin/ml, 1 00 units penicillin/ml and a final 
glucose concentration of llmM. In certain experi- 
ments, glucose-free medium was supplemented 
with glucose at different concentrations. Culture 



conditions were 37 °C in a humidified atmosphere of 
95% air and 5% C0 2 , 

Characterization of AtT20MtIns-l-4 cells in 
. vitro 

Expression of the human preproinsulin gene was 
examined after culture of the cells for 48 h in 
medium supplemented with 90 um zinc chloride 
and S nM cadmium chloride to enhance expression 
of the metallothionein promoter (Taylor el al. 
1991). The medium was replaced wirh serum -fret 
DMEM and the cells were cultured for a further 

4 h. The medium was then removed, concentrated- 
on a ScpPak CI 8 column (Millipore, Watford, 
Herts, U.K.), and analysed by reverse-phase HPLC 
using u CJ8 reverse-phase column. Fractions 
were neutralized, lyophilized and resuspended in 
phosphate-buffered saline. The fractions were 
assayed for insulin-like immunoreactivity using a 
broad-specificity antiserum (GP6) which react* 
similarly with insulin, proinsylin and partially split 
proinsulin intermediates. 

The effects of various agents on insulin release 
were examined using quadruplicate cultures of 
I S * 10 s cells for 24 h in 2 ml medium containing 
10 m>[ glucose. The medium was sampled to assay 
for insulin and replaced with medium containing 
10 mM glucose, 1 6-7 mM glucose or 10mM glucose 
plus one of 15 mM potassium chloride, 7-6 rn.M 
calcium chloride, 20 mM arginine. hydrochloride, 

5 mM isomethylbutyixanthine (IBMX) or 90 um 
zinc sulphate. Cells were cultured for a further 24 h 
and the medium was sampled for insulin assay. 



Implantation study 

Insulin-releasing AtT20MtIns-l-4 cells (2xio (f ) 
were implanted incxaperitoneally into non-diahetic 
nude (nu/nu) mice, and a similar number of 
non -transfected pituitary cells was administered to 
a separate group of nude mice ro serve as a 
control. Seven days after implantation, STZ 
(200mg/kg i.p. in citrate buffer, pH 4-5) was 
administered. The study was continued until day 
29. Body weight and food and fluid intake were 
monitored, and plasma glucose and plasma human 
C-peptide concentrations were determined at 
intervals using blood collected at 10.00 h from the 
tail in the freely fed state. Additional blood 
samples were collected on day 6 ai 30 min after an 
oral t glucose challenge (2 g/kg in a 40% (w/v) 
solution), and on day 7 after a 24-h fast, 
immediately before STZ administration. 

At the end of the study the implants were 
identified within the^ abdomen of most recipients. 
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ficvhb 1. Plasmid map of pMtNeoIns. The pnsirions nf the ampiciHin 
resistance (Amp) and G418 resistance (Neo) gentry* the moutt 
metallothioncin promoter (mMl-1) and the SV40 splice and polyadcnylution 
auquenccs are indicated. The human preprmnsulin cDNA (hppl) ^*as 
inserted bt(v».-een the nurallolhioncin promoter and the SV40 sequences of 
pMtNeoIns. 



They were removed, weighed and subjected to 
routine histological examination with hacma- 
toxylih-eoain and aldehyd*-fuchsin staining. In a 
separate study, the implants were extracted in 5 ml 
acid-ethanol/g (750 ml etHanol, 250 ml water, 15 ml 
concentrated hydrochloric acid) for human C- 
peptidc ussay. 

Assays 

Plasma glucose was determined by an automated 
glucose oxidase procedure (Stevens, 1971) and 
immunoreactive insuJLn-like material in HPLC 
fractions and cell culture media w?s measured by 
radioimmunoassay with polyethylene glycol precipi- 
tation (Shakur et aL 1989). Human C-peptide in 
plasma and implant extracts was measured by an 
erhanol-precipitrttion radioimmunoassay procedure 
(llcding & Rasmusxen, 1975). The C-pcptide 
antiserum (Novo K6) did not cross-react with rut 
C-peptide I and no inactivity way detected with 
plasma from normal fed rats and mice (assay 
sensitivity 0-01 pmol/ml). The inter- and intra- 



assay coefficients of variation for standards (0-05- 
0 5 pmol/ml) were 1 1 and 2-7% respectively. 



Statistical analysis 

Groups of data are presented as means i S.E.M. D 
were compared umng Student's Mest. Differtsn 
were considered to be significant if P<0-05. 



Data 
ces 



RESULTS 

Characterisation of insulin gene expression 

Kvpression of the human preproinsulin «ene by 
AtT20MtIns-l'4 cells was associated mainly with 
the release of insulin (80%), Together With the 
release of small amounts of proinsulin and partly 
split proinsulin mtcrmetilates (Fig. 2). 

Regulation of insulin gene expr ssion in vitro 

Under control conditions (10 mM glucose), the 
release of insulin-like immunoreactive material by 

Journal nf MoUcuUt Emlocrinohcy (1993) II, 335— 3-* 1 



05-DEC-2000 13=08 



FROM UtJfl MED I CAL LI BRRRY A 

08 93811553 



TO S3252883 



P. 20 



338 <:. STEWART and others Insttlin gene therapy 



50 



§ 
O 

rz 

s 

5 20 

.£ 

c 

*" JO 



0 




IVoinsulin 



21 



2<i 31 33 35 37 3<> 41 43 45 47 4<> 



23 25 27 
Fraction 

fh;i:«p. 2. High -performance liquid chromatoj(r»phy ulution profile of chc insulin-like mimunorcuetjviTv released In- 
die AiT20\htna-h4 cell line. Medium wan removed from cultured cells us described in the Materials and \MhmU, 
concentrated on u SepPak CI 8 column, tmd unulyMcd UMn/.' a C'lft rcvcrsc-pU^xv column. FracUoiiH were asxavvd fur 
insulin-like imrmtnnreactivity asinp * broad -specificity antiHcrum. ^ 



AtT20MtIns-l-4 celk was 5 06 ±0-22 ng/10 1 * 
cells per 24 h (/r = 24). Insulin release was nor 
significantly altered by incubation for 24 h in 
medium containing ! 6-7 niM glucose, 15 mM 
potassium chloride or 7 6 mw calcium chloride 
(Fir. 3), However, insulin release was increased 
by incubation in medium containing 20 rn.M argi- 
ninc hydrochloride (275% increase), 5 rnM IBMX 
(137% increase) or 90 hm zinc sulphate (84% 
increase). 



Implantation of AfT20MtIns-l'4 cells 

Human C-peptide was not detected in the plasma of 
nude mice prior to implantation of the cells releasing 
human insulin, and whs not decectcdafter implan- 
xaTion of the control (non-transfected pituitary) 
cells (Fig, 4). However, 6h after the intra- 
peritoneal implantation of 2 x ]fj ft AtT20Mrlns-l -4 
cells, plasma human C-peptide was delected at 
0-1 pmol/ml, and increased to a maximum of 
016 pmol/ml by day 10 (Tip. 4n). Plasma human 
C-peptide concentrations of about 0*1 pmol/ml were 
maintained until the end of the study (day 29). The 
hunruin C-peptide concentration was .not significantly 



altered at 30 min ofter an oral glucose challenge on 
day 6 (009K± 0-006 pmol/ml ( /t=K>) or by « 24-h 
fuse on day 7 «HO8±0-OI6 pmol/ml, « = I0). Mure- 
over, there was no change in plasma human 
C-peptidc concentrations during the onset of STZ- 
induced diH betes. The human C-poptide concen- 
trationa in the mouse plasma were ahonr one-quarter 
of the values in normally fed non-diaberic human 
subjects (mean value 0-4 pmol/ml) measured in the 
same assay. 

In the non-diaherir sure, plasma glucose concen- 
trations were slightly reduced by the implantation 
of the AtT20MtInii-14 cells compared with ihe 
control pituitary cells (Fig. 4/>). The hyperglycaemic 
response 30 min after an oral glucose challenge on 
day 6 was similar in the two groups (14 0 ±0-7 m\i, 
'i- 1 0, and 14-8 ± 0-8 mM, n = U , in test and control 
mice respectively). 

The high dosage of STZ (200 mg/kg i.p.l 
administered On day 7 produced a rapid and marked 
hyperglycemia in controls, resulting in thrve 
fatalities by day 14 and subsequent termination of 
this group. In contrast, mice currying the human 
insulin-releysing ArT20Mtlns-l -4 celte showed a 
gradual rise in plasma glucose, with the develop- 
ment of severe hypenclycuemia being delayed bv 
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DISCUSSION 

The present study has shown chat pituitary AtT20 
cells can be stably transformed to produce and 
release human insulin after intraperitoneal implan- 
tation inco athymtc nude mice. Use of a specific 
amy for plasma human C-pcptide has allowed 
the insulin-releasing activity of the implant to be 
monitored separately from that of endogenous islet 
B-cells. The release of human insulin by implanted 
cellg was associated with a delay in the development 
of STZ diabetes. 

Previous studies have inserted and expressed 
cDNA encoding human preproinsulin in fibroblasts 
(Moore et aL 1983; DiatlofT-Zito et aL 1986; Selden 
et aL 19876; Kdwukami et uls 1992) and pituirary 
AtT20 cells (Moore et aL 1983; Taylor & Docherty, 
1992). Unlike fibroblasts, which release proinsulin 
almost exclusively, AtT20 cells can process pro- 
insulin to insulin. In AtT20 cells the insulin is 
co-localized and co-sccrotcd with adrenocortico- 
tropic hormone (ACTH) via constitutive and 
regulated pathways (Moore el al. 1983; Orci et aL 
1987; Powell et al. 1988), although the amount of 
insulin produced is much less than that of ACTH 
(Moore et aL 1983). The release of C-peptide 
(Moore et al. 1983; Powell et aL 1988) has been 
confirmed in the present study. 

Regulation of the exogenous preproinsulin gene 
has been achieved in vitro with cyclic AMP (cAMP) 
analogues (Moore et. aL 1983; Powell et aL 1988; 
Gross? el aL 1989), and incubation with IBMX 
increased insulin release in the present study. It is 
possible that cAMP activates transcription factors 
which interact with the meiallothionein promoter. 
Sensitivity of this promoter to zinc is well 
established (Hammer, 1986; Dickerson el al. 1989- 
Taylor & Docherty, 1992), and the exploitation of 
this mechanism to regulate cells transfected with the 
human growth hormone gene has been described 
(Selden et al. 1987ci). Argininc strongly enhanced 
the expression of the preproinsulin gene in the 
present study, but ihe mechanism of this j* 
unknown. 

Attempts to deliver insulin by somatic cell gene 
therapy have previously been limited to the 
production of proinsulin from fibroblasts (Selden et 
al. 19876; Kawnkami et aL 1992). These studies 
have not distinguished the secretory products of the 
implanted cells from the endogenous production of 
insulin-like irnmuno reactive materials. This has 
been overcome herein with a specific human 
C-peptide radioimmunoassay, and with HPLC 
analysis of the secretory products in vitro. 

When 2 x 10 6 insulin-releasing AtT20MtIns-l -4 
cells were implanted into non-diabetic mice, which 

Journal of Molecular Endocrinology ( 1 00 J ) 1 1 „ 335-34 1 



were subsequently made STZ diabetic, the implant 
continued to release insulin throughout the 29 day* 
of the siudy. Although rhe plasma C-peptide 
concentration achieved by the implant was onlv 
about one-quarter of the normal C^pcptide con- 
centration (Heding & Rasmussen, 1975), the 
development of hyperglycemia was delayed hy 
about 2 weeks. Since STZ diabetic nude mice 
become very insulin resistant, this could explain 
why the implants did not prevent the eventual 
progression to severe hyperglycemia. Indeed, the 
release of ACTH and other pro-opiomelanocortin- 
derived peptides (e.g. opiates) with which insulin is 
co-processed and co-secreted by the AtT20 cell* 
(Moore et aL 1983; Orci et aL 1987; Powell et aL 
1988) could aggravate the hyperglycemia both 
directly (Bailey & Flair, 1987a,6) and via stimu- 
lation of the ACTH-adrcnal axis (Lenzen & Bailev 
1984). 

The aggregation of implanted cells into a rypjcally 
tumour-like organisation was consistently observed. 
Even in mice with very low plasma C-pcpridc 
concentration!! it was possible to detect insulin* 
containing cells in the outer regions of the cell 
aggregation. As substantiated by the small amounts 
of C-peptide extracted from these aggregations, 
there was only limited intracellular storage of 
insulin (about 30 pmol/fc). 

The present study provides evidence for the 
feasibility of delivering insulin by somatic cell gene 
therapy. By selecting a cell model (pituitary AtT20 
cells) with an active secretory mechanism and 
appropriate endopeptidase activity, i t has been 
possible to produce and release insulin. AtT20 cells 
express the high K m glueose-phosphoryiating 
enzyme glucokinase. Thus it has recentlv been 
shown rhat AtT20 cells transfected with cDNA for 
preproinsulin and the GLUT-2 glucose transporter 
exhibit glucose-stimulated insulin biosynthesis and 
release (Hughes et al. ) 992). To apply this 
technology to somatic cell gene therapy will require 
the use of a convenient source of cells for primary 
culture, such a* fibroblasts. These will require 
extensive generic manipulation to achieve regular- 
able insulin release before implantation back into 
the donor (Selden el aL 19876; Docherty 1991- 
Hughes et aL 1992). While this approach' avoids 
the need for immunoisolation, it will be necessary 
to introduce safeguards tn contain the growth of 
implanted cells (Kawakami et aL 1992). 
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The molecular defects in sickle cell disease and 0- 
thalassemia have, been well characterized and 
seem amenable to genetic correction (1). The 
development of effective genetic therapy could revolu- 
tionize treatment of the hemoglobinopathies. Before 
envisioning treating patients, methodologies will be 
required to ensure safe, efficient, and stable transfer of 
fclobin genes into hematopoietic stem cells and subse- 
quent high-level gene expression , in mature erythroid 
cells. This minireview will focus on, the use of viral gene 
transfer vectors as potential therapeutic agents for the 
treatment of human hemoglobinopathies. 

The thalassemias and clinically significant hemo- 
globinopathies are among the most common single 
gene disorders throughout the world. Patients with se- 
vere phenotypes rely on regular erythrocyte transfusions 
lhat can be associated with life-threatening iron over- 
load despite intensive chelation (2). Long-term trans- 
fusion therapy may result in the development of anti- 
erythrocyte antibodies making subsequent transfusions 
difficult or, in some instances, impossible (3, 4). Allo- 
geneic bone marrow transplantation has been per- 
formed with some success but is feasible in only a small 
percentage of affected patients (5, 6). Recent work has 
focused on the pharmacologic manipulation of fetal 
hemoglobin. Underpinning these efforts is the premise 
that increased y -globin gene transcription and fetal 
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hemoglobin synthesis leads to more effective erythro- 
poiesis and/or decreased hemolysis in patients with p- 
thalassemia and sickle cell disease (7-9). These treat- 
ments are, however, potentially toxic with unknown 
long-term complications. 

Giotto Gene Organization 

Hemoglobin is a tetrameric protein composed of 
two dirneric polypeptide units encoded by two different 
gene families on two separate chromosomes. The a- 
globin gene cluster, located on chromosome 16, in- 
cludes the duplicated a genes (a,, a 2 ) present in the 
fetal and adult stages of erythropoiesis and the embry- 
onic f-gene. Located on chromosome 1 1 are the cluster 
of 0-Iike genes including the two adult genes, ■* and Q 
the two fetal genes, y A and y c , and the embryonic e- 
gene (see Fig. 1). During normally developing erythro- 
poiesis, six distinct hemoglobin species are present in 
the transition from intrauterine to adult life. Coordi* 
nated gene expression in the «- and 0-gene clusters 
occurs at each site of erythropoiesis: the yolk sac of the 
embryo, liver of the fetus, and bone marrow postnatally. 
This process of coordinated expression, known as **he- 
moglobin switching," coincides with the change in he- 
moglobin phenotype. The /Mike genes are activated 
and silenced in the 5 ' tu 3' order of their transcriptional 
positions along chromosome II. 

Current switching models suggest competition be- 
tween the individual /Mike genes for regulatory ele- 
ments defined within the distant DNase I hypersensitive 
sites known collectively as the locus control region 
(described below). A putative switching &ctor(s) is in- 
volved with either the silencing and/or activation of 
the 0-gene cluster. Interaction of switching factors with 
0-like gene promoters may determine whether active 
gene transcription occurs. An example is the identifi- 
cation of a stage selector element in the human y» 
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globin gene promoter and of the nuclear protein which 
binds to this element and enables the rgene to com- 
petitively silence the 4-globin gene (10). Levels of the 
specific DNA-binding protein are higher in more de- 
velopmen tally immature cells in which -y-globin expres- 
sion is elevated. Analysis of the a-like globin gene 
cluster suggests a similar type of regulation (11). 

Regulation of Globin Gene Transcription 

The expression of the individual globin genes is 
regulated at the level of gene transcription, as supported 
by measurement of globin transcriptional rates and by 
quantitanon of globin mRNA from patients with thal- 
assemia (12). In general, globin transcriptional regula- 
tion requires cis-acting DNA sequences located within 
the globtn gene cluster and trans-acting factors which 
bind sequence-specific motifs within the cis-acting reg- 
ulatory elements. * ^ 
g Regulation of the human 0-gIobin gene cluster (« 
7 . 7 • , S, 0) is mediated via local cis-acting sequences 
including the globin promoters and enhancers 3' of the 
1- and 0-genes. Initial efforts to define cis-acting ele- 
ments responsible for globin gene expression in trans- 
genic animals revealed that local sequences were not 
sufficient for normal globin expression. The observa- 
tion that deletions upstream of the 0-giobin gene inac- 
nvated globin expression suggested that other regula- 
tory elements were necessary. These distant regulatory 
elements that Hank the 0-globin cluster are associated 
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with DNase I hypersensitive sites (HS), and inclusion 
of these sues modulates high level i*toljSff 
These sites are collectively termed the locw Snmrt 

Kiiooases 5 to the t-globm gene, and one site (V HS11 
or i?ma f ! encompassed within 300-400 base pairs 

when tanked to globin genes singly or in combination 
substantially increase globin gene expression in S 
fected erythroleukemia cells or when* introJuSd into 
transgenic animals (15). 

Recently, several eiythroid-specific enhancer se- 
quences and trans-acting factors have been defined that 
appear to regulate globin gene transcription. One of the 
most powerful enhancer elements in the /?-globin locus 
lies w.thm the HS2 and is localised to Undem aSi 
binding sites (16). This element is required for high 

K562 cells. K562 cells provide a model for the study of 
globin gene regulauon and have been used to define 
important cis-acting regulatory elements. The HS2 en- 

JS^i?" f °! d 5 MScri P ti ° na » activity in hemin- 
mduced K562 cells but is relatively inactive in noner- 
ythroid cells. The trans-acting factor NF-E2 binds to 
u»e MS2 enhancer and is required for hemin-inducible 
activity of the enhancer (17). Transgenic animal ex^ 1 
.ments using only the HS2 site linked to a /J-globin gene 
enabled the production of 25-50% levels of endogenous 
globin transcript (18). This factor has been character- 
ized as a 45-kDa basicleucine ripper DNA binding 
e^« ("^ Pr m erythroid and meKakaryocytic lin- 

rr-AV^,^ 1 ? 16 ' 31 ^^ inscription factor NFE-l 
(GATA-1) binds to GATA consensus motifs found in 
several of the cis-acting elements. Experiments with 1 

? iCe , iDdiCate GATA -' «* ^por- 
nn E J deve,opment and Unction of red blood cells 

I 

Globin Pathophysiology 

The thakusemic syndromes are hereditary anemias , 
which occur due to mutations that affect the synthesis 
of either «- or 0-gIobin chains. The ratio of L to T ■ 
chain synthesis is the major determinant of pathology ' 
Excess of either globin chain can lead to the formation 
of aggregates or intracellular inclusions causing de- 
creased red blood cell membrane deformity, ineffective 
erythropoiesis, and accelerated red cell destruction Dis- 
cussion of clinically relevant severe thalassemia syn- 
dromes is usually directed toward the ^-thalassemias 

^-Thalassemia refers to inadequate 0-globin chain 
synthesis encoded by a single globin gene on chro- 
mosome 1 1. Heterozygous individuals are character- 

r e Siv^t^ an lh• iv ^ def ^ 1 ciOTcy of ***** p**"*™ 

relative 10 or-gJobin. In homozygous patients with 0- 
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thalassemia, deficient or absent 0-globin gene synthesis 
causes the production of poorly hemoglobinized, defec- 
tive erythrocytes resulting in hemolysis and severe ane- 
2) - Patienls wi ™ severe disease require frequent 
red blood cell transfusions with attendant iron accu- 
mulation. The severity of this disease is modulated by 
increased T-gJobin synthesis and increased fetal hemo- 
giorjin (a JTj , Hb F) or. concomitant «-thalassemia 

m ™ 0m ?f y # 0US Sickle <*" anemia - the m «t«nt he- 
moglobin (Hb S, arff) is susceptible to polymerization 
resulting in altered erythrocyte rheological properties 
vaso-occlusion, and multiorgan damage. The severity 
of sickle cell disease correlates with the degree of he- 
moglobin polymerization. Hb F has a sparing effect on 
polymerization and decreases the tendency of Hb S to 
precipitate within the erythroid cells. 

In these disease states, the transfer and expression 
or either 0~ or v-globin genes should be highly elTecuve 
in correcting these genetic defects. Replacement with a 
Junctional 0-globin gene could correct the defect in 
severe ^-thalassemia, whereas gene insertion of a y- 
globin gene could ameliorate the potential for polym- 
erization in sickle cell disease. Studies of sickle cell and 
^thalassemia patients reveal that mild or absent clinical 
manifestations occur in the presence of hemoglobin F 
I evels of 20-40% (23. 24). Expression of a £globin 
transgene at 10-20% of normal endogenous levels is 
adequate to achieve a dramatic phenotypic improve- 
J ment m a thalassemic mouse model (25). 

Gene Transfer 

The following are the major requirements for glo- 
bin gene transfer to be clinically applicable, (i) Trans- 
duced (introduced) globin gene expression must be at 
sufficient levels, (ii) Expression should be stably regu- 
lated and erythroid specific, (iii) The totipotent bone 
marrow ste m cell should be transduced at high fre- 
quency and/or maintain a competitive advantage over 
nonuansduced cells for its seir-rertewal. (iv) The intro- 

d^, l .M n ». 0f DNA int0 ,he «■* ce " genome 

should have Umited potential for insertional mutage- 
nesis and/or endogenous gene disruption. 

Ideally, replacement of a defective gene with the 
correct genetic sequence by targeting genes to specific 
sites within the genome would be an optimal method 
for genetic therapy. Homologous recombination into a 
0-gIobm locus has been achieved in cultured embryonic 
stem cells, albeit at a frequency too low to be of any 
current therapeutic value (26). However, as a resuh of 
recent advances in molecular biology, the introduction 
oi new genetic material by nonhomologous recombi- 
nation wuh gene insertion into a target cell genome 
now appears attainable. 

Oene transduction is accomplished by a variety of 
teenmques, including viral vectors, poJy-lysine/DNA 
conjugates, and other physical techniques. Viral gene 



transfer vectors make use of the inherent efficiency of 
viruses to transfer and express their genetic information 
m mammalian cells (for review, see Ref. 27). As now 
envisioned, hematopoietic stem cells from an a/Tected 
patient could be infected with an appropriate viral 
vector containing a correctly functioning globin gene 
we will describe current work with retrovirus and the 
parvovirus, adeno-associated virus, as potential gene 
transfer vectors. 

Retroviral Vectors 

Retroviruses contain a single-stranded RNA ge- 
nome that, upon entry into a cell, is converted into a 
double-stranded DNA before its integration into the 
host cell chromosome. Early interest in these viruses 
stemmed from their ability to induce tumors by inser- 
tional mutagenesis. The integrated pro virus, containing 
its own powerful transcriptional elements, is thought to 
activate nearby proto-oncogenes or inactivate tumor 
suppressor genes. To avoid the possibility of wild-type 
retroviral infection, packaging cell lines are used to 
produce replication-defective recombinant retroviral 
panicles. Vector and packaging cell strategies have been , 
well documented (27). 

_ Globin Retroviral Vectors. Transfer of genomic 
human ^.globin sequences using retroviral vectors has 
evolved with both the development of improved pack- 
aging cell lines and greater understanding of globin 
gene regulation. Initial experiments utilized a 3.0-kb 
fragment of genomic 0-gIobin into an ecotropic vector 
in both orientations (28). A neomycin resistance gene 
m those constructs was employed to rapidly screen for 
high titer producer clones subsequently used to generate 
infectious recombinant retroviral virions. The marker 
also facilitated isolation of target cells transduced by 
the retrovirus. Only the reverse orientation construct 
was functional and sufficient for proviral integration 

and subsequent viral production. Individual clones con- 
tained a single transferred proviral copy. Human fi- 
globin transcripts were detected and the level of expres- 
sion increased in dimethyl sulfoxide-induced MEL 
clones. Dimethyl sulfoxide, hemin, and other agents 
have been used in several human and murine leukemic 
cell lines to : induce >g)obin cluster gene expression 
Furthermore, negligible globin expression was detected 
in 3T3 fibroblasts, indicating that the construct carrying 
a 0-globin promoter contributed to erythroid-specific 
expression. The level of expression (compared with 
endogenous murine 0-globin expression) was approxi- 
mately 0.01%. Similar experiments using an ampho- 
tropic vector containing a neomycin resistance gene 
with a 7-/J globin hybrid were used to infect MEL cells 
with human 0-gIobin expression at 10% of the endog- 
enous induced expression (29). In both instances, viral 
titer was low and the proving rearranged in some of 
the clones tested. Constructs containing portions of the 
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5 untranslated region and intron 2 in the reverse 
onentauon interfered wi,h generation of full-length 
tanscnpts and yielded low titer recombinant virus (30) 

rnJ.JT OTl ° OUld removed . o«t the intron 2 was 
required for expression. Reverse orientation globin con- 
structs may contain polyA termination signals, possibly 
accoummg f or abbreviated transcription J 
virus generation, 

Examination of retrovirally transduced /(-globin in 
human hematopoietic cells demonstrated gene transfer 
and expression m erythroid colonies (burst-formine 
^L'^ 01 ^ (3 -°- Expression 5% oT £e g 

SS^S^S^^ using 



RNase protection assay. Expression "w^ deierrnTnedby 
air insertion ("marking") at the 5' 



using a 6-base pair l , liarjang - ; at tne y 

re& r° n t0 a,l0W detection ^ «he transferred 
S f'tT* T rrec ? uenc y wa * low (0-04%) and attrib- 
uted to the low viral uter (5 x if/ colony-forming 
umts/ml,. A truncated /J-globh, minigene qZ*^ 

unSZV^ ^ iB but expressed at 

undetectable levels regardless of the orientation. 

nie first in vivo experiment described a recombi- 
nant retroviral construct encoding a human 0-globin 
gene thai was used to infect murine hematopoietic cells 

hmited pnmanly to the erythroid lineage and varied 
from 0.4% to 4.0% of the endogenous mouse 0-globin 

fro^S a? ' ?!n Pr ° V ^ f Py numbcr ^ccUranged 
from 0.02 to 0.40 cop.es/celI, found in all lineages. 

~°"?: term human ^-globin gene expression was de- 
tected in transplanted animals at 4-9 months The 

IS?"? v " ' OW 08 of 104 animaI * reconsUtuted 
with infected bone marrow), which indicated that the 
marrow infection conditions needed to be optimized 

inH C ?rS^ Viral r i,e -' enrichmen i °f pluripotent cells, 
and induction of quiescent stem cell cycling) 

He m «° , ! finn ? t o ry ex P enn,ents « several laboratories 

^°^ n relrovinU transfer in raurine 

hematopoietic cells (33, 34). Long-term expression in 
!° m seconda *y "^Pient animals indicated 
S^f 11 «ern cells rather than committed pro- 
gemtor cells were mfected. Co-culturing conditions for 

,mn^ m !T°, W 'T* 06115 ^ recombinant retrovirus 
miproved, largely through the inclusion of hemato- 

SS^T"? actOTS lo 5,1014611 Go and P romo,e 

, (3 - ) ' ^P" 6 ,m P rov ed transduction fre- 

SZnS^T ^ marT0W globin expres- 
sion still ranged from 1% » 5% of the endogenous 

flan W iKliL? 00 ^, LCR re8u,at0, y elemen " 
k ! u ■ gene c,uster jested a new ap- 

Zn rl°r deagn of retroviraI v ectors (36). Individ! 
ualLCR fragments were included within a marked a- 
RJobin/neomycin gene cassette and used to generate 
recombinant amphotropic virions infectious for MEL 
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cells (37) One construct incorporatine an fr 
SI? ^ hed i l "* ,evcl taT few clont 

The viral titers were lQ*~i(P c . 

uniu/ml. Subsequently, invl£ t0 ^ 
oratories have been unable to generate LO^nM. 

^ of **** 

proviral rearrangement or deletion. A recent report 

i P S B . ! ra " 2 bmdjng site within ^ HS2 region 
linked to human 0-globin (38). The level of fJjobin 

expression increased marginally from 6.0% tol2 0% 
with the addition of the enhancer element Viral titers 
were again low, and introduction of multiple copies of 
tne 36-base pair fragment promoted gross proviral re- 
arrangement, 

Generation of an ecotropic retrovirus containing 
an LCR cassette with truncated HS 4, 3, 2, and I site! 

• S« a ,£ Uman ^ obin yieWed 6 °- 70 % expression 
in MEL cells compared with endogenous murine globin 
expression. Transfer into murine hematopoietic pro- 
genitors and subsequent transplantation into lethally 
.rrad.ated rec.p,ents resulted in human ^globin expresl 
s on. These experiments suggest that inclusion of LCR 
elements may support high level 0-*lobin gene expres- 
sion in murine hematopoietic stem cells; however! sig- 
nificant rearrangement of the provirus occurred and 
the vectors employed yield low recombinant viral titers 

.°/ ^ aIw ™ ativ e viral vectors currently 
available either do not integrate into host cells at high 
frequency are not easily rescuable from the integrated 
state, are limited in their host range, or include other 
wral genes, thereby creating a need for the development 
of a safe and efficient viral vector system. We feel that 
tne human DNA virus, adeno-associated virus offers a 
promising alternative to the currently utilized vectors. 

Adeno-Associated Virus 

Adeno-associated virus (AAV) is a defective mem- 
ber of the parvovirus family, The AAV genome is 
encapsulated as a single-stranded DNA molecule of 
plus or minus polarity (40, 41). Strands of both polari- 
ties are packaged, but in separate virus particles (42) 
and both strands are infectious (43). The sinnle- ' 
stranded DNA genome of the human virus AAV-2 is 
4675 base pairs in length (44) and is flanked by inverted 
terminal repealed sequences of 1 45 base pairs each (45) 
The first 1 1 25 nucleotides form a palindromic sequence ' 
that can form a T-shaped hairpin structure and can 
exist in either of two orientations (designated flip or 
/^.w f un,que structu re has led to the suggestion 
(46) that AAV may replicate according to a model first 
JJK by Cavalier^mith (47) in which the terminal ) 
hairpin of AAV « s used as a primer for the initiation of 
DNA rephcanon. The AAV sequences that arc required - 
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in cis for packaging, iniegraiion/rcscuc, and replication 
of viral DNA appear to be located within a 191-base 
pair (bp) sequence that includes the terminal repeat 
sequences (48, 49). 

The viral DNA sequence displays two major open 
reading frames, one in the left half and the other in ihc 
right half of the conventional AAV map (43). At least 
three regions which, when mutated, give rise to phe- 
notypically distinct viruses have been identified in the 
AAV genome (50). The rep region, which occupies the 
conventional left half of the genome, encodes one or 
more proteins that are required for DNA replication 
and for rescue from the recombinant plasmid. The cap 
and lip regions appear to encode for AAV capsid pro- 
teins; mutants within these regions are capable of DNA 
replication but do not produce vims (50). AAV contains 
Ar^iranscriptional promoters, p5, pi 9, and p40 (45. 

AAV-2 can be propagated as a lytic virus or main- 
tained as a provirus, integrated into host cell DNA (54). 
In a lytic infection, eflicienl replication requires coin- 
fection with either adenovirus (55. 56) or herpes sim- 
plex virus (57>— hence the classification of AAV as a 
"defective" virus. When no helper virus is available. 
AAV can persist in the host cell genomic DNA as an 
integrated provirus (58, 59). Virus integration appears 
to have no apparent effect on cell growth or morphology 
(60, 61). Studies of the physical structure; of integrated 
AAV genomes (59, 62) suggest that viral insertion into 
the host chromosome is usually in a tandem head to 
tail orientation and occurs within the AAV terminal 
repeated sequence. Integrated AAV genomes are stable, 
persisting in tissue culture for greater than 100 passages 
(59). Although AAV is a human virus, its host range 
for lytic growth is unusually broad Virtually every 
mammalian cell line evaluated (including a variety of 
human, simian, canine, bovine, and rodent cell lines) 
can be productively infected with AAV, provided that 
an appropriate helper virus is used (t.e., canine adeno- 
virus in canine cells) (54), These same cells are also 
capable of establishing an AAV latent infection in the 
absence of helper. 

Despite the wide range of susceptible cell types, no 
disease has been associated with AAV in either human 
or animal populations (63), even though exposure is 
commonplace. Anti-AA V antibodies have been found 
frequently in humans and monkeys. Estimates suggest , 
that about 70-80% of infants acquire antibodies to 
AAV types 1, 2, and 3 within the first decade; more 
than 50% of adults have been found to maintain de~ 
tectable anti-AAV antibodies. AAV has been isolated 
from fecal, ocular, and respiratory specimens during 
acute adenovirus infections, but not during other ill- 
nesses (64). 

Infecti us AAV done. We initially cloned intact 
duplex AAV DNA into the bacterial plasmid pBR322 



(65) and found that the AAV genome could be rescued 
from the recombinant plasmid by transfection of the 
plasmid DNA into human cells with adenovirus 5 as 
helper. The efficiency of rescue from the plasmid was 
sufficiently high to produce yields of AAV DNA com- 
parable to those observed after transfection with equal 
amounts of purified virion DNA. The AAV sequences 
in the recombinant plasmid could be modified, and 
then "shuttled 1 * into eukaryotic cells by transfection. In 
the presence of helper adenovirus (Ad), the AAV ge- 
nome was found to be rescued free of any plasmid DNA 
sequences and replicated to produce infectious AAV 
particles (65-68). This developed an approach for mu- 
tant construction (67) that enabled us and others to 
explore viral gene function (43, 69), and to identify the 
cis-acting sequences needed for AAV rescue, replica- 
tion, packaging, and integration (49). 

AAV has been tested as a viral vector system to 
express a variety of genes in eukaryotic cells. Hermonat 
and Muzyczka (69) produced a recombinant AAV 
(rAAV) viral stock in which the neomycin resistance 
gene (nco) was substituted for the AAV capsid region 
and observed rAAV transduction of neomycin resist- 
ance into murine and human cell lines. The stable 
integrated viral vector could be rescued to produce 
replicating rAAV sequences after superinfection with 
Ad and wild-type AAV. Tratschin et al. (70) created an 
rAAV that was found to express the chloramphenicol 
acetyltransferase gene in human cells under the AAV 
p40 promoter. LaFace et al. (71 ) observed gene transfer 
into hematopoietic progenitor cells using an AAV vec- 
tor. Wondisford et at. (72) cotransfected cells with two 
different recombinant AAV vectors, each encoding a 
subunit of human thyrotropin, and observed expression 
of biologically active thyrotropin. 

The desirable size of inserted non-AAV or foreign 
DNA is limited to that which permits packaging of the 
rAAV vector into virions, and this depends on the size 
of retained AAV sequences. Tratschin el ai (70) con- 
structed an AAV/chloramphenicol acetyltransferase ge- 
nome that was 3% (approximately 150 nucleotides) 
longer than the wild-type AAV genome, and found that 
it could be packaged into virions. An AAV genome too - 
large to be packaged resulted from insertion of a 1.1- 
kbp fragment of bacteriophage^ into a nonessential 
region of AAV (R. J. Samulski and T. Shenk, unpub- 
lished). Thus, the total size of the rAAV to be packaged 
into virions should be about 4800-5000 nucleotides in 
length. 

As mentioned above, several AAV vector systems 
have been designed that c main a recombinant plasmid 
capable of being packaged into AAV particles. The 
recombinant vims generated then functions as a vector 
for stable maintenance or expression of a gene or a 
DNA sequence in eukaryotic cells when under control 
of an AAV or SV40 transcriptional promoter. However, 
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a common problem encountered in all these AAV 
vector systems has been the inability to produce recom- 
binant virus stocks free of helper AAV virus. Various 
methods have been used in attempts to decrease the 
percentage of contaminating helper virus (73). This 
problem has been a m^jor drawback in the use of AAV 
as a prevalent viral vector. Our recent work, however, 
has succeeded in generating high liter viral stocks that 
are free of helper virus. 

AAV Vectors. We have recently developed a 
method for producing substantially helper-free stocks 
of rAAV that can be used to efficiently and stably 
transduce, foreign genes into host cells or organisms 
(49). Our present method for producing recombinant 
stocks is directed toward producing a viral expression 
vector system with improved efficiency, applicability, 
definition, and safety relative to viral vector systems 
currently utilized. The method utilizes a two-compo- 
nent system comprised of functionally, but not struc- 
turally, related rAAV genomes, one of which contains 
a segment of foreign DNA (the vector) but lacks DNA 
sequences necessary for viral replication, and the other 
(the helper AAV) which provides those viral functions 
not encoded by the vector but which cannot itself be 
incorporated into virions. Importantly, the vector and 
the helper DNA are sufficiently nonhomologous so as 
to preclude homologous recombination events that 
could generate wild-type AA V. Along with this devel- 
opment of the vector, we have conducted a study 
characterizing natural AAV integration. In this study, 
we have encountered the unexpected observation that 
wild-type AAV utilizes site-specific integration when 
establishing viral latency (see below). n 

Production of the AAV Vector System. W e have 
constructed an infectious adeno-associated viral ge- 
nome that contains two Xbal cleavage sites flanking 
the. viral coding domain (43) (Fig. 2); these restriction 
enzyme cleavage sites were created to allow nonviral 
sequences to be inserted between the cis-acting terminal 
repeats of AAV (49). The AAV helper plasmid termed 
pAAV/Ad contains adenovirus type 5 terminal se- 
quences (107 bp) in place of the normal AAV termini. 
This helper cannot be packaged into AAV virions, since 
it lacks the terminal cis-acting domain required for this 
function. The AAV terminal sequences were originally 
substituted with adenovirus terminal sequences in 
pAA V/Ad so as to transcriptionally enhance AAV gene 
expression (74). This hybrid plasmid did not contain 
the Ad packaging sequences (75) and therefore could 
not be packaged into Ad virions either. 

The presence of the adenovirus termini substan- 
tially enhanced the expression of AAV-specific proteins 
from pAAV/Ad DNA when compared with pAAV/no 
TR (DNA which contained neither adenovirus nor 
AAV terminal sequences). When the helper plasmid 
pAAV/Ad and a vector pAAV/NEO were co-trans- 
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fected into human cells in the presence of adenovirus 
rescue and replication of the AAV/NEO sequences 1 
were detected. The vector viruses generated from this 
complementation contain only the terminal 19] nu- 
cleotides of the viral chromosome, demonstrating that 
all cis-acting AAV functions required for replication 
and virion production are located within that region 
Recombinant viraj DNA carrying a drug resistance 
marker gene were integrated into the cellular genome 
These transduced genes could not be excised and rep- 
licated when the cells were subsequently infected with ' 
adenovirus, suggesting another level of safety (49) 
Thus, the AAV termini (145 bp) are sufficient for 
integration of the AAV chromosome into a host cell 
genome. No AAV gene expression is required to estab- 1 
lish a latent infection using this vector, and up to 70% 
of the cells can be transduced. 

Slte-Spedflc Integration. The proviral integration 
form of wild-type AAV is a unique feature of this virus 
Initial studies characterizing the AAV proviral state I 
using restriction digestion and Southern blotting of 
genomic DNA demonstrated that the proviral DNA 
was covalently linked to cellular DNA in tandem con- 
catamers (59, 76). These results have been confirmed 1 
and extended by the development of a protein-DNA 
binding enrichment technique used to isolate AAV 
proviral DNA from latent human cell lines (77). The 
strategy for retrieving AAV-cellular junctions involved 
a protein filter binding procedure that relied upon the J 
interaction between X repressor and its operator se- 
quences. An infectious recombinant clone was used to 
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generate an AAV-\ hybrid that contained the X operator 
site. The recombinant virus was used to establish la- 
tently infected AAV-A cell lines. Genomic DNA iso- 
lated from the latent cell lines digested with restriction 
enzymes were mixed with purified X repressor protein 
and passed over a membrane filter. Southern hybridi- 
zation analysis of the retained fragments showed a 
physical linkage between AAV proviral DNA and cell- 
ular sequences. Nucleotide comparison of clonal cellu- 
lar sequences demonstrated viral-cellular junction re- 
arrangements involving deletion of portions of the ter- 
minal repeats. An unrearranged preintcgration junction 
cellular sequence used as probe confirmed the sequence 
location at chromosome 19. Polymerase chain reaction 
amplification using AAV and junction-specific primers 
generated viral/junction breakpoints that lay within a 
100-bp sequence on chromosome 19. In situ analysis 
of latently infected cell chromosomes using AAV-spe- 
cific probes further demonstrated that viral DNA inte- 
grated into only one locus. Both single and multiple 
copy number insertion patterns were located within this 
integration region. 

The minimal elements required for AAV integra- 
tion are currently being delineated. AAV vectors con- 
taining only the inverted terminal repeat integrate at 
high frequency, suggesting the importance of the in- 
verted terminal repeat for integration. This also indi- 
cates that AAV integration relies on host cellular en- 
zymes. Furthermore, work in our laboratory demon- 
strated the lack of site-specific integration with 
recombinant vectors containing only AAV termini (78). 
Taken together, this would imply that viral fram-acting 
factors are required for site-specific integration. Since 
limited amplification of the AAV genome is required 
for integration, the AAV rep proteins described previ- 
ously are likely candidates for this function. 

Since this initial observation, we have documented 
site-specific integration in a number of cell types (hu- 1 
man T cells, colon, lung, and monkey kidney cells). 
Our preliminary characterization of this chromosomal 
region has revealed that (i) this sequence is highly 
conserved in primates, (ii) this chromosomal sequence 
appears not to be expressed in either latent or non- 
latent HeLa cells, and (iii) the integration site maps to 
the Q arm of chromosome 19. Extensive characteriza- 
tion of this chromosomal region will be essential in 
understanding regulation of rAAV transduced genes. 
For this reason, we have recently isolated two overlap- 
ping cosmid clones that hybridize to the chromosome 
1 9 integration sequence (N. Epstein and R, J. Samulski, 
unpublished results). Further analysis of this region 
should be illuminating regarding both the integration 
mechanism and the potential of targeted gene delivery. 

AAV Vectors Expressing Giobin Genes. During 
our characterization of AAV vectors for targeted inte- 
gration, we initiated a sludy to test this minimum AAV 



vector for the efficient transduction and expression of 
giobin gene sequences in the erythroid cell line K562. 
We constructed an rAAV vector containing the human 
7 A -globin gene, marked with a 6 nt deletion in the 5' 
untranslated region to allow its transcript to be distin- 
guished from native 7-globin transcripts (Kg. 3). The 
giobin gene was linked to a 400-nucleotide DNA frag- 
ment containing LCR site 2, and a bacterial neomycin 
resistance gene used for selection. Site 2 alone has been 
shown to confer high level giobin gene expression in 
erythroleukemic K562 cells (see Regulation of Giobin 
Gene Transcription) and when treated with hemin, 
these cells can be induced to differentiate and increase 
expression of c- and y-globin genes (79). 

We used the packaging strategy describe above 
(Production of the AAV Vector System) to generate 
AAV/globin hybrid virus. Recombinant virus was ti- 
tered using human fibroblast target cells in the presence 
of genelicin (HeLa and/or Detroit 6) (78). Unconcen- 
tra ted titers ranged from 10 4 to I0 5 neotnycin-resistant 
colonies/ml. Southern analysis of low molecular weight 
DNA revealed no detectable wild-type particles using 
this protocol. 

The erythroid cell line K562 was then infected with 
the recombinant vims and neomycin-resistant colonies 
were obtained (78). A polyclonal population of 30 
isolated clones as well as individual dones were chosen 
for further study. First we characterized the configura- 
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ton of the integrated AAV/globin genome. Digestion 
o inomic DNA with P*n demonstrated an expcctS 

1 .2-kb gJobm fragment which corresponded to a Sle 
prearranged provinu copy per cell. The K562 cell line' 
which ,s tnpJoid at chromosome II (location of S 

control when estimating the AA V/giobin copy numbe? 
of individual clones. Individual clones digested and 
theS^lf ^ rev ^«» one to two^es "of 
ranSfn ^ *7 ^ No «™Wn«i of the 
SSS^T BCI i e detCCTCd in eit °« individual or 
^d gene^ demonstratin S *• stability of the trans- 

_ As mentioned above, preliminary data from our 
aboratory .ndicates that AAV transducing vecSrTcon- 

S ° nly 7^ """i- 1 W do not targeuo 
DrX r me 19 <« ea **««fc Integration). VvLlso 
chSSf en °™ digests of theglobin recombinants with 
chromosome 19 . sp ecinc probe to further charactefi 

?«k£. ^ ,ntegra J ion in cells. As expected, 

5" uT Jlw fft v - ^ hich uti,izes ^ eted 

tion the AAV/glob,n viruses appeared to have inte- 
grated randomly. 

h.ni5i Na !!, Pr0,e J CI i 0n dem on«trated both basal 
(uninduced) and hemin-induced expression of the 
marked globin gene. Endogenous anc I tnuSduert y? 
globin transcripts were identified as predicted bands of 
145 nt and U 7 nt, respectively. As shown in Figure 4 
a strong signal at 145 m represented transcription from 
the endogenous T -globin genes present in K562 cell 
■ne. The probe measured both 7 A and y° endogenous 
transcripts. Assuming that all six endogenous copies of 
gobin were expressed, we measured uninduced expres- 
sion of the marked gene to be 70% that of a sinale 

J*L- non-erythroid tissue culture lines were 

examined for evidence of T -globin transcripts. A small 
• £ AV/ !f 562 5iBDal) but ^ectabEgna was 

To further verify these results, messenger RNA 

SKTiSS w *?? using , the po,ymerase 

react on ( PC R). w e determined previously the tran- 
scriptional start site of the marked Ag globin ge„ e ,V 
tra«fected K562 cells by a primer extension; PCR 

Jtve^J? ™ °' P °° ,ed K ^62 clones was 

Z£J£TEn?"i and amplified usine piimm that 

endo 8 cn °™ and marked globin genes 
The 6 nt deleuon enabled resolution of «he£ tran^ 
on 8* polyacryUmide-urea gels. Both uninduced and 

JETST* n ellS Were »od2£2 
duced K562 cells serving as a control. The marked 

transcript was detected in all clones tested 

«* ° r RNA messa 8 e bv was com- 

Parable to that determined by RNase protection and 



A. 



TO 93252883 



K562 

POOL1 POCH.2 CONTROL 
u ' U L U I 

m 



p. 12 

"TP" 




B. 



- HS2 




c. 



dp ATG 6XON I 



6D 
-A- 



IMS t*» 



c*>1atg 
— ' A— 



• 146 



. MlTbpl 



7«A*«SOUCEDA 7 - 

PWOTECffO 
feAGMettT 



Figured RNase protection assay of RtoA AxtrA^rttH *r~~ vc**> . 
nf M wfth (A, rAAV/HS2/y A */N©o R 32S2?« r^/SSjS? 

(y*) and tfAnsducGd ( 7 v> are eho ^ U lini^TS^. 

h^rnnduced cefls. Re^er tbRef, 7B ftx deS'fe urwducad ^ 



298 



GENE THERAPY FOR HUMAN HEMOGLOBINOPATHIES 



confirmed high level expression of the transduced Ae 
gene, including induction by hemin. SI primer extend 
sion expenments confirmed that the correct globin start 
site was used in the proviral state. To rule out the 
possibility that the regulated globin expression we o^ 
served with this construct was due to globin reculatorv 
sequences (LCR2) and not viral sequences or chromS 
sornal positioning, we constructed an AAV/globin hv- 

th"e TPR7 ld t cn ^ ca, -!° lhe 0ne dttcribed above minus 
the LCR2 site. Similar characterization of these trans- 
duced genes indicated a marked reduction in globin 
expression as expected ewwn 
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These results represent the firsi viral-based intro- 
duction in which correct levels and regulation of -y- 
globin gene expression were achieved in an erythroid- 
derived cell line. High levels regulated globin expression 
was obtained when using a construct containing the 
LCR site 2. The LCR/globin construct efficiently inte- 
grated into the genome without rearrangement in all 
clones studied. (Recent extensive data from our labo- 
ratory suggests approximately 1 0-20% rearrangement.) 
Moreover, the messenger RNA expression of the trans- 
duced gene was comparable to endogenous 7-globin 
levels. The correct globin start site was utilized in the 
transduced gene, and tissue-specific expression (which 
was hemin inducible) was maintained. 

The rAAV model can also be used to study the 
effects of specific mutations in the regulatory HS2 
element on globin transcription (80). Specific muta-c 
tions within the HS2 region of the rAAV/7 A /globin 
vector described in Figure 3B were constructed, and 
neomycin-resistant clones containing the rAAV ge- 
nome present in single copy were evaluated. Mutations 
within the NFE-2 binding motif resulted in a marked 
reduction of hemin-induccd expression of the trans- 
duced globin gene when compared with expression 
from constructs containing the native HS2. In contrast, 
another set of mutations in the GAT A- 1 motif, which 
prevent binding of GATA-1, had no effect on basal and 
hemin-induced expression from the transduced globin 
gene. Other analyses of HS function rely on gene trans- 
fer methods which result in multiple copy integrants, 
and cooperative interaction between tandem gene cop- 
ies are difficult to exclude. In this respect, the rAAV 
model is superior in that over half of the evaluable 
clones containing the native and mutant HS2 element 
had a single unrearranged copy of the rAAV genome. 
This single copy rAAV transduction model may also 
useful for evaluating other regulatory elements and their 
effects on the transcription of genes linked in cis. 

This suggests that recombinant AAV vectors can 
be used effectively for the transfer of globin genes into 
human cells. Previous work has demonstrated that 
AAV vectors are capable of transducing a selectable 
marker into murine hematopoietic progenitor cells (7 1 ), 
Moreover, we have generated and tested an AAV vector 
carrying B19 viral coding sequences for infection in 
erythroid progenitor cells from human bone marrow 
(81). BI9 is an autonomously replicating parvovirus 
shown to be the etiologic agent of various clinical 
disorders in humans (hydrops fetalis, polyanhralgia 
syndrome, and transient aplastic crises associated with 
various hemolytic anemias). This parvovirus has so far 
been shown to replicate only in erythroid progenitor 
celJs in human bone marrow. Using the recombinant 
AAV vector carrying the B19 coding sequences, rAAV 
stocks demonstrated that the AAV-bascd vector was 
capable of infecting human bone marrow cells (81). 



Furthermore, the recombinant B 19- AAV hybrids in- 
hibited erythroid hematopoietic colony formation, in- 
dicating the expression of B 1 9 genes. 

We have recently demonstrated transduction of 
both rAAV and wild-type AAV human pluripotent cells 
(S. Goodman, unpublished results). rAAV carrying a 
0-galactosidase gene were capable of infecting CD34* 
selected bone marrow cells, as assessed by DNA PCR 
analysis of progenitor colonies derived from CD34* 
cells grown in methylcellulose. Incubation of wild-type 
AAV with CD34+ selected cells demonstrated site-spe- 
cific integration on chromosome 19q. rAAV vectors 
containing LCR-globin cassettes are currently being 
tested to transduce human and primate CD34* selected 
bone marrow cells. Gene transfer with rAAV into ani- 
mal tissue has not yet been demonstrated. 

Safety Issues 

The safety of retroviral gene transduction has been 
reevaluated in murine and primate models. Most retro- 
viral vector systems employ components of the Molony 
murine leukemia virus, known to induce T cell leuke- 
mia and lymphomas in mice (82). Initial investigations 
suggested no apparent pathologic affects of murine 
amphotropic replication-competent virus in primates 
(83, 84). However, a bone marrow transplantation/ 
gene therapy experiment in primates using a high tiler 
recombinant retrovirus contaminated with a moderate 
titer of wild-type retrovirus induced a rapidly progres- 
sive T cell lymphoma in three of 1 0 animals tested (85). 
Over 50-100 copies of the wild-type replication-com- 
petent provims were detected in the tumor DNA. im- 
plicating viral insertional mutagenesis as the pathogenic 
mechanism. The use of newer retroviral packaging sys- 
tems to reduce or eliminate wild-type retrovirus is an 
absolute necessity for human use (86). 

One of the salient features of the AAV system is 
the lack of any demonstrable pathology to the host cell. 
As mentioned previously, no epidemiologic evidence 
currently exists linking AAV to human disease. The 
potential toxicity of rAAV in animals is unknown. 
Wild-type adenovirus, required for the generation of 
rAAV, is capable of causing disease in immunocom- 
promised hosts. rAAV packaging systems will need to 
be modified to eliminate adenoviral contamination. 

Summary 

Gene transfer of human globin genes into human 
pluripotent stem cells via viral vectors may soon be 
realized. The high level of globin gene expression be- 
lieved to be required for the treatment of severe hem- 
oglobinopathies necessitated the inclusion of tis-acting 
sequences (LCR). Retroviral vectors containing the 
LCR elements are prone to rearrangement* low titer, 
and poor expression. Inclusion of a w minilocu$" con- 
taining four HS sites linked to a globin gene resulted in 
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higher expression in transplanted mice, but re- 
arrangement of the provinis still occurs, and it is un- 
clear what significance these experiments have with 
- regard to human marrow stem cell transduction. 

Recombinant AAV is among the newest of genetic 
transfer vectors. This once obscure virus possesses 
unique properties that distinguish it from all other 
vectors. Its major advantage is the lack of pathogenicity 
»n humans. W^d-type AAV has the unusual ability to 
sdecuvely integrate into the mammalian genome at a 
specific regjon, thus reducing the concern for genomic 
disruption and insertional mutagenesis. The ability of 
AAV to carry regulatory elements without interference 
from the viral template may enable greater control of 
transferred gene expression. Disadvantages currently 
include the inferior packaging systems which yield low 
numbers of recombinant virions which are contami- 
nated with wild-type adenovirus. The small AAV «- 
nome that can be packaged (-5 kb) rules out its use for 
transrer oflarger genes. Recombinant AAV viruses do 
not appear to demonstrate the same site-specific gen- 
omic integration as wild-type viruses. Elucidation of 
the mechanism of site-specific integration should prove 
useful in the development of safe vectors for gene 

™f 85 T!" as P rovide insight into the nature of 
UNA recombination in humans. 
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ABSTRACT 

The post 15 yearn, have witnessed 
an explosion of knowledge about blood 
vascular endothelium due in large part 
to in vitro growth of endothelial cells 
from both large blood vessels and capil- 
mes. In contrast. Hale comparable in* 
?r motion has accumulated on endotheli- 
um of lymphatics, which He In intimate 
contact with parenchymal cells and drain 
excess fluid, macromaleculex, particles 
and immunocompetent cells in a continu- 
ous recirculation between tissues and 
bloodstream. While structural and func- 
tional differences between (he two vascu- 
lar systems have been described in vivo 
m tissue sections, and in isolated prepar- 
ations, similarities are notable in ultra- 
structure, biochemistry, physiology, and 
pharmacologic responsiveness, and these 
may predominate under pathologic con* 
ditions. In 1984 t three separate groups 
described in vitro culture of lymphatic 
endothelial cells from collecting ducts 
and cavernous lymphangiomas. Lym- 
phatic, like blood vascular, endothelium 
grows in confluent monolayers, "sprouts", 
synthesizes Factor VII I -associated anti- 
n and jibronectin, and ultrostructuvally 
sho>vs Weibel-Palade bodies; overlapping 
intercellular junctions and anchoring 
filaments typical of lymphatic endoiheli- 
itm are also found. Genetic, congenital, 
and acquired disorders such as strangu- 
lating fetal nuchal cystic hygromas 
(Down and Turner syndromes) , vascular 
tumors and dysmorpho genesis (Maffucci 



and Klippel-Trenaunay syndromes) . 
Kaposi's sarcoma, lymphogenous and 
hematogenous spread of cancer, and 
parasitic infestations such as filariasis, 
share overlapping abnormalities in for- 
mation, growth, and/or neoplasia of lym- 
phatics and blood vessels. In these and 
similar clinical disorders, confusion often 
exists as to the nature of (he cell or 
tissue of origin, and insight into the role 
and control of hemangiogenesis and 
lymphangiogenesis is stilt in its infancy 
Nonetheless, with the ever widening array 
of investigative techniques, it is not only 
timely but imperative to explore the 
endothelial biology underlying these 
inborn and acquired disorders. 

Blood and lymphatic vasculatures* arc 
closely intertwined in embryonic develop- 
ment and respond ro many similar stimuli 
in the microenvironmenl (e.g. ischemia, 
inflammation, and neoplasia). The two* 
circulations work together in an integra- 
ted fashion in the uptake and transport 
of interstitial liquid and macromoJecuJes 
such as extravasated plasma proteins and 
ingested lipids, which recirculate between 
lymph, blood, and tissue. Distinct mi- 
■ gration streams of immunocompetent cells 
interchange at various points in the 
"blood-lymph loop." Anafomic connec- ' 
tions exist or open up between the two 
as lymphatic- venous communications, 
which function normally (viz. thoracic 
duct -jugular venous junction) or become 
operational under physiologic and patho- 
logic conditions (e.g. carcinomatous 
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venous or lymphatic obstruction or in 
portal hypertension from alcoholic cir- 
rhosis). While lymphatics closely resem- 
ble blood vessels on tissue section, they 
arc more thin-walled attenuated structures 
containing bloodless fluid, and they 
ultrastruciurally exhibit overlapping inter- 
cellular junctional complexes, specialized 
anchoring filaments, and discontinuous 
or absent basal lamina (1). Permeability, 
surface charge distribution, vesicular ma- 
cromolecular movement, lipid absorption 
and transport, intrinsic contractility, and 
vasoresponsiveness of the two vascula- 
tures are distinct in some respects, vary 
from organ, to organ, and also may over- 
lap. 

The vascular endothelium is the 
crucial interface between circulating blood 
or lymph and the tissues. Two decades 
ago only surmised by Lord Florey to be 
more than an inert passive membrane, or 
in "nucleated cellophane", endothelium is- 
now recognized as the biologically active 
mentor of the microcirculation and of 
tissue homeostasis --originating, receiving, 
translating, transducing, and transmitting 
physical and chemical messages to and 
from different parts or the body. The 
ability to culture large and pure endothe- 
lial cell populations not only from major 
blood vessels but since 1979, also from 
human capillaries has produced an explo- 
sion of knowledge (1-3). Despite differ- 
ences among species and organs, blood 
vascular endothelium (BVE) exhibits 
remarkably consistent morphology and 
function in vitro mimicking its structural, 
synthetic, and transport properties in 
vivo and in isolated vascular prepara- 
tions. In culture, endothelial cells _ grow 
as confluent monolayers with characteris- 
tic cobblestone appearance, which under 
appropriate conditions sprout and form 
tubules, that is, display "angiogenesis in 
vitro." Distinctive ultraslructural fea- 
tures mirroring those found in tissue 
section include intricate intercellular junc- 
tions, micropinocytotic vesicles, interme- 
diate filamenls, and Weibd-Paiade 
bodies, which are thought to manufacture 
or store Factor VI II -associated antigen 
(Factor VlflAA). On imrnunohislochemi- 



cal examination, endothelial cells contain 
Factor VIII -associated antigen, angioten- 
sin-coverting enzyme, and extracellular 
matrix components such as fibronectin, 
all of which in addition to prostacyclin 
and many other vasoactive metabolites 
can be measured quantitatively after re- 
lease into the supernatant overlying the 
monolayer. 

'Considerable attention has been 
directed to a search for angiogenic factors 
controlling blood vessel formation and 
thereby tumor and organ growth. The 
genetic code for one such substance, 
angipgcnih, has recently been deciphered. 
Blood vascular endothelium interacts in a 
"symbiotic" relationship with immuno- 
competent cells, directing lymphocyte cell 
traffic and "homing" and also producing 
colony-stimulating activity differentiating 
hemopoietic stem cells into granulocytes 
and monocytes (4). Immunocompetent 
cells as well as fibroblasts and adipocytes 
in turn secrete angiogenic factors and 
share cell surface receptors with endo- 
thelium. Thus, in large pari because 
blood vascular endothelium can now be 
isolated in vitro t its role as a structural 
barrier as well as active facilitator of 
small solute and macromolecular transport 
into and out of tissues, as a director of 
cellular migration, as a stabilizer of the 
coagulation cascade, and as a biosynthctic 
factory is now being unraveled. Blood 
vascular endothelial damage and/or -repair 
have been implicated in processes as di- 
verse os atherosclerosis, hypertension, 
inflammation, wound .healing, ischemia, 
diabetes mcllitus, and transplant rejec- 
tion. . 

Yet, in part because of a lack of 
analogous 'in vitro models, only rudimen- 
tary information is available about the 
-highly permeable vascular interface on the 
"dark side" of the blood capillary barrier, 
deep in ihe tissues, separating circulating 
"lymph" from extracellular matrix and 
liquid and parenchymal cells in lymphoid 
and non-lymphoid tissues. Within this 
oft forgotten sluggish lymphatic-tissue 
fluid circulation pass surplus liquid, ma- 
cromolecules, particles, and migrating 
cells from the intemtitium on their way 
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through regional and central lymph nodes 
before returning to the blood circulation 
(Fig. I). In 1984 for the first time, 




Lymph *Jod« 



Fig* L Blood' lymph loop. There is a continvous 
circulation and recirculation, of cells, pet 'licit J, 
macramoiecuUSt smalt solutes, and gases between 
blood t tissues, and lymph. Blood vascular and 
lymphatic endothelium represent crucial interfaces 
In this circulation. Lymph exiting parenchymal 
organs filters through lymph nodes, cn Us May to 
return f/tnt lymphatic-venous communications to 
the bloodstream. 

small relatively pure populations of lym- 
phatic vascular endothelium were isolated 
by our group from explanls of a massive 
recurrent lymphangioma (5), by Johnston 
from normal bovine lymphatic ducts (6) 
and by Gnepp from canine and human 
cadaveric thoracic ducts (Figs. 2 and 3) 
(7). In culture lymphatic vascular endo- 
thelium (LVE) from large ducts and 
microvasculature bears a strong resem- 
blance to BVE, forming confluent "cob- 
blestone" monolayers, sprouting (Fig. 

4) . and staining positively for endothelial 
markers, Factor VIII A A and Ulex lectin. 
Thus, CI 13, our second nearly pure lym- 
phatic endothelial cell line from a recur- 
rent chylous retroperitoneal lymphangi- 
oma resembles blood vascular endotheli- 
um in staining positively for Factor 
V11IAA, F-aclin, and fjbroncclin (Fig. 

5) * and .exhibiting numerous Weibel- 
Paladc bodies (Fig. 6L) (8). Nonethe- 
less, LVE appears to possess some dis- 
tinctive features: overlapping intercellular 
junctions and abundant intermediate 
anchoring-type filaments typical of lym- 
phatic endothelium (Fig. 6R) (8). 
Although questions may be raised about 
stromal blood vessels giving rise to some 
of the endothelial cells found in this 



lymphangioma cell line, the same ques- 
tion can be but has not been raised 
about designated blood vascular endothe- 
lial cell cultures from micro vasculature in 
such standard sources as omentum and 
foreskin, tissues rich in lymphatics as 
wcjl as blood vessels. At this point, 
there is every reason to believe that lym- 
phatic like blood vascular endothelium is 
also a vast endocrine organ maintaining a 
lymph-fluid compatible surface and a 
changeable selective interface between the 
lumen and interstitium that is also the 
target for numerous perturbations affect- 
ing not only its intrinsic structure and 
function but also/that of surrounding 
- tissues. 

The close interactions between ihe 
lymphatic and blood vasculature and lym- 
phangiogenesis and hemangiogenesis on a 
cellular and organ level are further illus- 
trated in the clinical manifestations of 
disease. Congenital lymphologic syn- 
dromes of genetic or intrauterine origin 
involving abnormal growth of lymphatics 
often include widespread blood vascular 
abnormalities as in Maffucci's and Klip- 
pel-Trcnaunay syndromes (Figs. 7 and 
S). These soft tissue hemangiomas and 
lymphangiomas are commonly accompan- 
ied by lymphedema, venous aplasia or 
hypoplasia as well as arteriovenous ano- 
malies and striking soft tissue overgrowth 
such as limb hypertrophy and macrodac- 
tyly, likely closely linked to the circula- 
tory disturbances (Figs. 7 and 8J.On 
rare occasions malignant vascular trans- 
formation may take place. Blood vascu- 
lar gnd lymphatic anomalies also coexist 
in Turner's XY gonadal dysgenesis syn- 
drome where webbed neck from regressed 
fetal 'cystic ^lymphangiomas, extremity 
lymphedema associated with lymphatic 
hypoplasia and aplasia, and coarctation of 
the aorta arc typical manifestations; vari- 
ants of the syndrome also exhibit severe 
intracardiac anomalies. Down syndrome 
{trisomy-21) similarly may present in 
ulero with strangulating cystic hygromas, 
cardiovascular anomalies and lymphedema 
or survive into adulthood with other 
variations of these vascular abnormalities. 
On the other hand, in acquired condi- 
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BOVINE MESENTERIC VASCULAR ENDOTHELIUM 



(M,G, Jetton and MA Waiker, h Vitro. 1984) 

/"iff. Comparison of bovine lymphatic endothelial with bovine superior miser\~ 
teric arterial endothelial in tissue culture. The celts in A and B were Halted 
with a Hemacolour stain kit (Harleco) as follows. The cells %xrc wasted twice 
with PBS and fixed for S min in methanol. The cells received an eosin solution 
(30s) followed by a thlailne solution (30s) and were (hen washed wah water. A, 
Bovine lymphatic endothelial alls, Passage 9; (xl4f), B. bovine mesenteric 
artery endothelial cells, Pazsagc 4. (xl4l)i ($: modified by permission). C and 
D show assay for Factor Vfff-r&lated antigen. C, bovine lymphatic tndotheivm. 
O, Bovine mesenteric artery endothelium (antibody to tuman Factor VI If -rel- 
ated antigen diluted If 10) (6; modified by permission). 



tions such as classical or AlDS-associated 
epidemic Kaposi's sarcoma, abnormal 
rnphatic- venous communications may 
>mprisc or contribute to the rnulucenlric 
tumor some of its peculiar morphologic 
and immunohistochemical properties as 
well as the associated lymphedema and 
hemorrhage. On rare occasions, malig- 
nant vascular tumors appear as Stewart- 
Treves syndrome after many years of 
lymphostasis associated with intense he- 



rnangiogenesis and tymphangiogenesis, 
and lymphangiomatoid changes superim- 
posed on exuberant profuse scarring and 
fal deposition. The latter is well exem- 
plified in filarial infestation, which leads 
to elephantiasis where thickening and 
piling up of the lymphatic as well as 
blood vascular endothelium, intraluminal 
blood or lymph clots, and exuberant . 
deposition of underlying scar tissue char- 
acterize the pathologic process and the 
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CANINE THORACIC DUCT HUMAN THORACIC DUCT , 

ENDOTHELIUM ENOOTHEUUM 

(D. Gn&pp and W. Chantf er , In Vitro, 1 985) 

Fig. J- upper, canine thoracic duct culture demonstrating a sheet of uniform 
contact InhibiUd nan- overlapping endothelial cells with typical cobblestone mor- 
phology. fxIJJJ. L. lower, indirect invramojiuor essence of canine thoracic duct 
endothelial ceils demonstrating marked posit Ivtty of Factor VI U antigen (note 
granular cytoplasmic staining. (*J89). R, upper, huran thoracic duct culture 
derrmsi rating one nest of typical endothelial ceJJs t Day 9. (xl29), R, tower, in- 
direct Imnmno fluorescence of hurrvn thoracic duct endothelial cells demonstrating 
granular cytoplasmic and perinuclear fluorescence . (xl$9), (7: used by permh* 
sion) t 

■ - p 
host response to the worm and its pro- nected scheme can be postulated for , 

ducts.' These interrelationships between hemangiogenesis and blood vascular syn- 

lymphantjiogenesis and lymphologic syn- dromes. , 

dromes have been summarized by us rec- . Endothelial biologists working in 

ently (9), and an analogous intercon- tissue culture have opened up the pheno- 
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Fig. 4. Photomicrographs (inverted light) dipkling in vitro cvcluihn of lym* 
phatic endothelial cell growth derived from a resected tympkwgiarm of the 
kr\ee. An "early prase displays a loose cluster of endothelium with occasional 
"sproutine" or branching (A: xlOO). With lime, this sprouting pattern becomes 
mors prominent (B; xIQO) and evewatty evolves into a sheet-like cellular 
aggregate fC.D: x40) with Udense " lymphatic* like" tumorous branching (E,F; 
zIOO), 



menon of tumor angiogenesis to intensive 
inquiry. In 1972, Follcman (10) firsi pro- 
posed the concept that all tumors are 
angiogenesis- dependent and once tumor 
take has occurred, enlargement of the 
tumor cell population is preceded by 
growth or new blood capillaries converg- 
ing on the tumor. Inhibition of angio- 
genesis, he proposed, might be a thera- 
peutic approach to solid tumors. Interest- 
,g questions have arisen about the role 
of endothelial mitogens in normal tissues 
and natural mechanisms that restrain and 
inhibit formation of capillary and thereby 
tissue and organ growth. Lymphatic ves- 
sels have been scarcely mentioned in the 
context of "angiogenesis" , and some - 
workers have even suggested that tumors 
do not contain lymphatics. Nonetheless, 



the parallel development and common 
response of the two vascular systems Lo 
varied physiologic and pathologic stimuli 
sufigesi, however, thai hemangiogencsis 
and lymphangiogenesis go hand in hand 
and that the mysterious growth factors 
stimulating both vasculatures 1 are self- , 
generated as well as arise in or are deliv- 
ered through the neighboring tissue 
matrix; that is, the stimuli are autocrine, 
paracrine, and endocrine. 

Despite the mounting interest in 
tumor angiogenesis, investigation of a 
related, process— what we have termed 
"angiotumorogencsis." i.e., the growth 
and development of blood and lymphatic 
vascular tumors— has been extremely lim- 
ited despite their frequency as cosmetic 
imperfections or as disfiguring or even 
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Fig. S. huttrcct fluorescent -antibody labeling using rabbit ontihuman }gO shows the characteristic granular pat- 
tern of Factor Vflt-rtlaicd antigen (A) fxJ6S) t F-actln positive microfilament bundles forming a well-organ- 
ized cytoskeleton stabud with NBt>-phalloidin (xS9l). cell surface associated fibronettin using robbii onllhuman 
fibronectln fgG (C) (x/68), which is also deposi/ed exiracettularty (8; used by pennission)- 



lifc-thrcatcning tumors of childhood. 
Genetic, congenital and environmental 
influences on endothelial growth, such as 
by hormones and drugs (e.g., estrogens, 
oral contraceptives), industrial carcinogens 
(e.g., vinyl chloride) and viral agents 
(e.g.. human immunodeficiency virus and 
cytomegalovirus) are poorly understood 
but these agents arc known stimulants of 
endothelial proliferation, DNA transfor- 
mation, and neoplasia. Controversy con- 
tinues about the nature of some vascular 
tumors, i.e.* whether they are embryonic 
rests (hamartomas), true neoplasms or 
mere expressions of exuberant angiogen- 
csis. As in Kaposi's sarcoma, different 
areas of the same lesion may appear 
strikingly heterogenous ranging from 
. normal vessels to highly anaplastic or 
wildly aberrant structures indistinguish- 
able as lymphatics or blood vessels. 
Moreover, it is unclear whether multiple 
tumors in separated or remote sites are 
multicentric in origin or metastatic. Occa- 
sionally, benign-appearing endothelial 
tumors may exhibit local invasion, recur, 
and even spread (e.g., "benign metasta- 
sizing lymphangioma 11 ) . On the other 
hand, benign and even malignant vascular 
tumors sometimes spontaneously regress. 
Unfortunately, immunohistochemical 



studios to delect the presence of iniracy- 
toplasmic nr cell surface endothelial 
markers (e.g., Factor VIIIAA or base- 
ment membrane components) have pro- 
duced more confusion than clarification 1 
because of heterogeneity of staining, pos- 
tulated but disputed differences between 
the blood and lymphatic vasculature, in- 
consistent staining techniques, neoplastic 
or non-neoplastic transformation to more 
primitive or aberrant eel! types or pluri- 
polcnlial nature of the cells, and presence 
of mixed cell types including mesenchy- 
mal and lymphoid elements. Thus, in 
part because of the paucity of animal 
models and the lack of in vitro systems 
to study pure populations of tumor cells, 
classification of endothelial tumors of 
lymphatic or blood vascular origin rema- 
ins largely based on morphologic criteria 
and clinical behavior. Although tumor 
modulation by hormones, immunoregula- 
tory substances, and growth factors 
seems almost within our grasp, detection 
and treatment of these neoplasms has 
progressed little over the past several 
decades beyond refinement or extension 
of surgical resection. 

Understanding the structural -func- 
tional interrelationships between the 
blood and lymphatic vasculatures in vivo 
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Fig. 6. Transmisshn electron microscopy (A-P) of cultured rumor ceils reveals relatively smooth cell sur- 
faces with few microvillous projections, numerous, vesicles, and cytoplasm rich wish Colgi end rough endo- 
plasmic reticulum. Abundant Welbel-Palade bodies' (A t arrow; B, higher magnification) are seen surrounded 
by bundles of intermediate, filaments characteristic of lymphatic endothelium. Higher power detail of . inter- 
mediate filaments can be best appreciated in C. Typical macula adherens, overlapping inter 'ctllular junc- 
tions art qUo shown (CD). (A=xti$50; B*x4 1,800; C=z4S,4$0; D*j26.6S0) (8: used by permission), 




KLPPEL TRENAUNAY SYhOROME 

fig. 7. 3~ year ~ old girl *tUh Kllppel'Trenaunay syndrome tnvohtng the right leg. In addition to the char- 
acteristic port wing nevus and agenesis of the deep venous system, small pedal arterurttnaus fistula* tym* 
phscuitigraphy fi^^TT c albumin) show abberrant lateral "pick-up*' with a targe, dilated truncal "lake" 
reaching the lateral groin only after many fours. The Left leg is unremarkable. Computed tomography with 
contrast enhancement rtggeus diffuse lymphangiomatous change with little or no edema fluid in the riglu 
leg, 




Fig. 8. 13 -ytcr-o 
present are right 



and in vitro i 
control mechai s 
tissue growth i 
life u> senesce a 
variety of in \ i 
neoplastic em I 
clues to dctcc •> 
giogenosis an 
enhanced or ■ ;i 
live endotheii 
endothelium) s 
treatment (so \ 
angioinhibitor 
occurring hoi .i 
dioresislarU v 
scar formatio 
released fron 
scoped in ti: : 
combined w> • 
biology can n 
endothelial c 1 
and distant » il 
shedding ligl 
transplant re * 
plastic iympl d 
mellilus, )yn r 
spread of c .i 



265 




digital 

rig. 6\ J3-year-old B^t with multiple lymphangbmas including of the tack, mediastinum and left axilla Also 
present are right arm hypertrophy, microdactyly \ digital Hyperemia, 



and in vitro is key to unraveling the 
control mechanisms and detailed steps of 
tissue growth and repair from embryonic 
life to senescence. Greater availability and 
variety of in vitro models of normal and 
neoplastic endothelium should provide 
clues to detection of abnormal lymphan- 
giogencsis and hemanfiiogenesis (e.g., 
^enhanced or inhibited release of distinc- 
tive endothelial products from neoplastic 
endothelium) as well as more effective 
treatment (such as by angioslatic and- 
angioinhibitory agents including naturally 
occurring hormones for ehemo- and ra- 
dioresistant vascular tumors or excessive 
scar formation. Isolated in pure culture, 
released from central control and tele- 
scoped in time, such in vitro models 
combined with the tools of molecular 
biology can also be used to explore 
endothelial ceil interactions with related 
and distant cell types thereby potentially 
shedding light oh disorders as varied as 
transplant rejection, inflammation, hypo- 
plastic lymphedema, scleroderma, diabetes 
mellitus, lymphogenous vs. hematogenous 
spread o( cancer, and ttmb ischemia. 



What these test tube models teach us 
about fundamental biology nvust then* be 
returned to the body, validated, and 
applied to this bewildering array of . 
human disorders characterized by defec- 
tive, exuberant, or uncontrolled hetnan- 
giogencsis and/or lymphangiogenesis and 
a wide variety of interrelated and depen- 
dent phenomena. 
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Sumfflary 

There is comparatively little knowledge of the structure and function of cultured lymphatic 
endothelium. A study was carried out to compare the intrinsic growth characteristics of cultured 
lymphatic endothelial cells with cultured endothelia derived from blood vessels. It was found that 
cultured lymphatic endothelium has growth requirements and growth characteristics similar to 
vascular endothelium. It also possesses FVIIIRA and Weibel-Palade bodies for specific 
identification. The results of this study have provided important base line data for subsequent 
studies of the parhobiology of lymphatic endoihelium. 

Introduction 

In vitro studies in the lasL 10 years have mainly focused on studies of endothelium derived from 
blood vessels (6) . Such studies greatly advanced our understanding of the role that blood vascular 
endothelia play in blood homeostasis, inflammation, tumour angiogenesis and atherogenesis. In 
vuro studies have established that vascular endothelial cells are site and organ specific, produce a 
whole range of active substances, and have specific markers for their identification (9)' There are 
no studies of cultured lymphatic endothelium on a comparable scale even though it is generally 
accepted that lymphatic vessels play important roles in various pathobtological processes such as 
inflammation, tumour spread and immunologic reactions. Lymphatic vessels are difficult to 
■ visualise in ordinary tissue sections and functionally regarded as passive conduits for returning 
excess fluid from the interstitial tissue to the main circulation, but how they play an active role in 
the spread of malignant tumours, inflammation, healing and regeneration as well as immunologi- 
cal reactions is not clear. There is little doubt that in vitro studies of lymphatic endothelium on a 
similar scale to vascular endothelium will help to define more specific roles that lymhaiic vessels 
may play in various palhobiological processes. 

The techniques for the culture of endothelia from blood vessels arc well established (6). 
Evidence from a few preliminary reports suggests that successful cultures of lymphatic _ 
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endothelium could be achieved from the same technique?; for the culture of vascular endothelium 
(9, 10). As a first step towards a subsequent study of the immunological and secretory 
characteristics of cultured lymphatic endothelium, we set out to establish culture* of lymphatic 
endothelium, study Iheirgfowth and structural characteristics and compare them with cultures of 
endothelium from blood vessels. The results from this study will provide valuable base line data 
for subsequent studies of the pathobiology of lymphatic endothelium. 



Materials and Methods 

Isolation of endothelial cells from bovine mesenteric lymphatic vessels 

Fresh bovine mesentery was obtained from the local abattoir. The mesenteric vessels were 
identified by injecting a solution of 0, 1 % . Evan' sbluc dye in phosphate buffered saline (PBS) into 
a mesenteric lymph node. The dye filled segment was ligatcd and dissected free from the adipose 
tissue. The lymphatic vessel was cannulated at both ends and gently flushed with Hank's balanced 
salt solution (HBSS). The lymphatic was then filled with HBSS containing 1.5mg/ml of 
collagenasc (Boeh ringer Mannheim) and 0 2 % foetal calf serum (FCS) and incubated at 37 *C for 
10 min. The lymphatic vessel was then drained and the Quid collected. The vessel was flushed 
with an additional 20 ml of HBSS. The total volume of solution was centrifugedal 3,000 rpm for 
15 min. The cell pellet wax resuspended in I ml of complete culture media and placed in one well of 
a Linbro multi well plaic (9. 62 cm 2 ) . A further 2 ml of culture media was added to the culture well . 
Usually the cells from 2 lymphatic vessels were pooled and placed in one culture well. 

Isolation of bovine aonic endothelial cells 

Fresh aona obtained from the local abattoir wax directed free of all fibrofatty tissue and the 
branches ligated. The aorta was then filled with HBSS containing 1 .5 mg/mlof collagcnase and 
0.2% FCS and incubated at 37 e C for 10 min. The perfusate was recovered, ccmrifuged and the 
pellet resuspended in I ml of HBSS and placed in culture well with an additional 2 ml of complete 
culture media. 

Isolation of human umbilical vein endothelial cells 

Human umbilical cords were obtained from the associated obstetrics hospital of the University 
of New South Wales. The endothelial ceils were isolated from the vein using established 
techniques of cullagenasc dispersion. Briefly, the umbilical vein was inspected for damage and 
cannulated at both ends and rinsed with HBBS and then filled with 0. 1 % collagenase containing 
0.2% FCS and incubatedfor 10 min at 37 °C. The solution was then collected and the vein flushed 
to remove residual endothelial cells. The cells wore concentrated into a pellet by centrifugation at 
1 ,000 rpm for 5 min, resuspended in 1 ml of complete culture media and placed in culture well (7) . 

Culture conditions 

All primary and subcultures were grown in modified Medium 199 containing Earl's salts. 
20mMol HEPES buffer and glutamine supplemented, with 20% FCS (Flow), 100Mg/ml 
endothelial ceil growth supplement (ECGS), 100u,g/ml heparin (Sigma), penicillin 50 ji/ml 
(Flow), streptomycin 50 fig/ml and fugiionc 2.5 Hg/ml (Flow). 

All culture flasks and wells were coated with 1 % gelatin (Sigma) in Ca + * and Mg ++ free PBS. 
Primary cultures were grown in Linbro multi well plates and subcultures were grown in Nunclon 
25 cm 2 flasks at 37 *C in a humidified incubator with air and 5 % CO z . Cells were passaged and 
subculiurcd by standard techniques of trypsin digestion using 0.25 % trypsin, 0.02 % EDTA in 
PBS , Cells were passaged at a ratio of )j t 3 and subcultures reached confluence in 7 days. Half the 
culture medium was replaced in all cultures al second daily intervals. 
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halation and culture of human aortic and capillary endothelial cells 

Human aortic endothelium was cultured from thoracic aorta of young adults after death 
from head injury . Endothelial cells were harvested by the techniques of enzyme dispersion as 
described in the preceding sections. ^ 

Capillary endothelial cells were isolated and cultured from the neonatal foreskin obtained 
from circumcision. Briefly foreskin whs cut into small pieces and after 0.3 % trypsin digestion 
squeezed with a scalpel blode to extrude endothelial cells from capillaries. Contaminant cells 
were removed by centrifugadon in Pcrcoll and by mechanical weeding with sterile glass probe 
during culture. Cultures of capillary endothelium were maintained in 20% human serum in 
Medium 199, 100 ^g/ml ECGS and 100 ug/ml heparin. 

Identification of endothelial cells 

It is generally accepted that the best method of identification of endothelial cells is the 
detection of factor VIM related antigen (FVlfrRA) which can be readily demonstrated by 
immunohistochemical techniques (8). All cultured cells in this study were subjected to indirect 
immunofluorcscent microscopy for expression of FVWRA, Cells were grown on coverslips 
for 4-5 days and removed from culture flasks, rinsed in PBS, fixed in cold acetone and air 
dried. The cover slips were than washed in Triton X J 00 (0.3% in PBS), rinsed in PBS and 
incubated with primary antibody, rabbit aniihuman FYI1IRA at a dilution of 1 : 100 in PBS 
with 3 % pig sera for 1 h. The coverslip was then rinsed in PBS and incubated with FITC 
labelled s^ine anti-rabbit IgG with 3% pig sera for 30min. The cover slip was then washed 
and mounted with giycerol/PBS (1 :9), examined and photographed. 

Proliferation Studies 

The rate of cellular proliferation was determined by estimation of the doubling time which 
is the time taken for cell cultures to double their population in a given culture condition. Cells 
were grown in Linbro multiwell plates of 2.0 cm each. Each well was inoculated with 
approximately 5:8 X I0 4 cell K /cm\_ The number of ceJJt* in each well was counted in a 
haemocytometer after 24, 48 and 72h intervals. The cell counts .were plotted on a semilog 
graph and doubling limes determined by analysis of the growth curves (7). 



Preparation of cultured cells for electron microscopy 

Cultured cells were prepared for transmission electron microscopy by established techni- 
ques of HAUDENSCHll.n et al. (5). Cells grown in Nuclon flasks were fixed in situ with freshly 
prepared 2.5 % glutaraldehyde in 0.1 M cacodylate buffer at pH 7,4 for I h and processed by 
standard techniques. Toluidine blue (0.1%) was added to identify ceJl colonies during each 
step of processing. Afler processing blocks of flask with attached cell layer were selected and 
sectioned for examination with * Philips 300 electron microscope. 

Cultured cells were prepared for scanning electron microscopy using standard techniques 
, covcndips were inoculated whh 50 ui aliquot of cell suspension containing approxi- 
mately 2-2.5 x 10 cells and placed in a pctri dish containing culture media for 4-5 days 
Cells were then fixed in glutaraldehyde. * 

Normal lympatic vessels 

Normal mesenteric bovine lymphatic vessels were prepared for Jight microscopy trans- 
mission and scanning electron microscopy by standard methods for comparison with cultured 
colls. 
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Results 

General growth characteristics of cultured endothelial celts 

The techniques used for the isolation and culture of vascular endothelial cells and the 
growth characteristics of bovine aortic endothelium and human umbilical vein endothelium are 
well documented (2, 6, 14). The characteristic features of vascular endothelium compared 
with those of lymphatic endothelium are presented in toble 1, It was found thai lymphatic 

Tablet Growth and structural characteristics of cultured endothelial cells. 



Cell type Cytology 



Growth 
pattern 



Ul i rastrtJ crural 
features 



Immunohistp- 
chemistry 



Proliferation 
(doubling 



HUVE 
HAE 
BAE 
BLE 



Polygonal 
Polygonal 
Polygonal 
Polygonal 



Monolayer 
Monolayer 
Monolayer 
Monolayer 



WBP 


Tight jns 


FVI1JRA 


UEA-1 


lime) . 


+ + + 




'+++ 




14h 


+ 4 + 


+ + + 


+++ 




30-40h 






+ + + 




30-40 h 




+ 




-»-•*- 


I6h 



WPB- - = absent; + = proem; ++ - frequent; +.+ + = numerous; FVIIIRA; - = absent; 
+ + + = ] 00% positive; UEA- J : - - absent; + = fain! ; + + = bright staining 

endothelial ceils were readily delached and dispersed from the vessel wall using a collagenase 
solution containing 1.5 to 2.0mg/ml of enzyme. A higher concentrate of co lagenase 
appeared to cause detachment and disruption of contaminant cells as wel as endothelial cells. 
A layer of gelatin was also essential for growth of lymphatic endothelial cells. Cellt ; were 
attached to the gelatin-coated surface of the culture vwsels within 3h of inocuUtion. By 2-3 d 
(fiz I) proliferative activity was well in advance and reached confluence by 5 to 7 days. 
Associated with endothelial cells were elongated fibroblastic cells. They were eliminated by a 
process of mechanical weeding using sterile glass probe under ph»»e contrast microscopy. 
Under these conditions relatively pure cultures of lymphatic endothelial eel s were obtained. 
Cultured vascular and lymphatic endothelial cells at confluence attained cell dens.t.es ranged 
from 2.7 X I0 4 cells/cm 2 to 7.4 x 10" cell.s/cm 2 . The average cell density for each ceU type 
was highest for Bovine aortic endothelium (BAE) at 4.2 x .0 

endothelium (BLE) at 3.8 X 10" cells/cm 1 and human umb)hcal vein endothelium (HUVfc) nt 
3SXI0 4 cells/ cm 1 . The cell density did not appear to significant decline with prolonged 
culture although some large multinucleated cell forms appeared in older cultures. The cells did 
not increase in size with repealed sub-cultures. 

Cultured cells were examined by indirect immunofloorescent microscopy and for 
FVIIIRA- Cryo.stat sections of normal lymphatic vessels were also examined for FVIIIRA 
expression by indirect immunofluorescence. 

Ulrraslructural features of cultured lymphatic endothelial cells 

To our knowledge, there are no detailed reports of the uKrastrueture of cultured lymphatic 
endothelium. The method of preparation of monolayers of cultured cells for ultras truclural 
studies ensured that the integrity and intercellular as well as the cell /substrate relationship of 



Fla.2. Cultured bovine lymphatic endothelial cell. Note Weibcl-Palade body (WPB) in clow 
proximity to cisterna (arrow) of Golgi apparatus (G). x 71,000. 
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Fig. L Cultured human umbilical vein endothelial cells after 3dayt showing polygonal and 
elongated morphology. Phase contrast X350. 
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Fig. 3. Different types of intercellular junctions of cultured endothelial cells. A = simple 
overlapping of adjacent cells, x 94,000. B = Mortice-like junction. X 74,000. C tight 
Junction, rarely seen in cultured lymphatic endothelium. X 28 ,000. 



the monolayer was maintained. Cultured endothelial cells covered the gelatin surface as a 
distinct monolayer ai confluence The cells have central nuclei with cell borders extending 
over considerable distances in all directions. Cells were bound by a distinct cytoplasmic 
membrane with invaginations and often narrow openings forming cavcolae. There were also 
numerous randomly placed surface projections most of which have club-shaped ends similar to 
those seen in vascular endothelium. The cytoplasm contained the usual cytoplasmic organelles 
including mitochondria, ribosomes, rough endoplasmic reticulum, Golgi apparatus, filaments 
and vesicular bodies. The Weibel-Palade (WPB) or specific endothelial granule was frequently 
seen in the cytoplasm, sometimes situated in a position close to the Golgi apparatus (ft g- 2). 
The WPB had a specific internal substructure characterised by a series of longirudinul fine 
tubular structures arranged in a parallel fashion to the longitudinal a*is. The appearance of the 
WPB varied considerably depending on whether it . was cut in cross or oblique sections or 
whether the section transected the broad or narrow end of the club-shaped structure. 
Consequently tho WPB could be easily mistaken for mitochondria. Cultured lymphatic 
endothelial cells maintained a close intercellular relationship. There were 3 types of intercellu- 
lar junctions in vascular and lymphatic endothelial culiurc* {fig. 3). The most common rype 
was a simple overlapping of one ceil on another. The leus commonly encountered typo was the 
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Fig, 4, Surface region of normal (hi vitro) lymphatic endothelium showing tight junction (TJ) 
n» oohondm <Mc) micro-projection <M) and WcibeI.Pal.de bodies (arrow) in , ffiaSToSin 
and (allow heads) in cross .section, x 45.000. °oi»que section 
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Fig, 5. Cultured human endothelial ccJJ showing caveola (arm* head) and several Weibel- 
Paiade bodies (arrows). P = gelatin substrate. X 45, 000. 



present in all cultured endothelial cells examined (fig. 5). However, (he number varied 
depending on the source of cultured cells. It was surprising to note that, contrary to popular 
belief, human capillary endothelial cells contained rnany WeibeUPalade bodies (fig. 6). 

Cultured endothelial cells from the various sources maintain a close intercellular relation- 
ship. Most of the different types of cell junctions are encountered. These include simple 
overlapping t end to end abutment, complex interdigitawng and mortice-like junjetions (fig. 3). 
Tight junctions are frequenUy encountered. There are also micro-channels were pinocytic 
vesicles often open into (fig. 7). 



Immunofluorescent studies on cultured endothelial cells 

All cultured endothelial cells in this study were examined by indirect immunofluorescent 
microscopy for the presence of FVI1IRA. The expression of FVIflRA has been recognised as a 
.specific feature of endothelial cells. In this study all cultured cells were found to express 
PVJIIRA. All primHry and subcultures of endothelial cells exhibit brilliant granular green 
fluorescence (fig. 8a). By using phase contrast microscopy it was possible to determine the 
exact proportion of cells containing FVIIIRA (fig. 8b). There was slight variation in the 
staining intensity but cultured cells still exhibited strong fluorescence after 8 passages. In an 
effort to ensure specific staining for FVJURA steps were taken to block non-specific staining 
by incubating cultured ceils. in diluted pit ami&cra or incubating cells with dilute 3% pig serum 
in the staining procedure. Negative controls were also included. Cultured endothelial cells 
were also stained with Ulex europaeus I lectin (UEA-I). It was found (hat endothelial cells 
showed variable staining intensity. 
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Fig. 6. Cultured human capillary endothelial cell showing several Weibcl-Paladc bodies 
x 75,000. 
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Fig. 7. Cultured bovine endothelium showing light junction (TJ), an intercellular rnicrochan- 
ne) (arrow) and surface vesicle (V). x 74,000. " 

2* - 

Exp. Pwhol. 41 i\99\) \ 19 




Fig. 8. a) Cultured lymphatic endothelial cells exhibiting bright granular immunofluorescence 
for FVJIIRA. X430. b) Phase contrast view of the same field verifying thai all ceils show 
FVUIRA. X370. 



Prol\ftHu\on studies and doubling times 

The growth rate of various types of cultured endothelial cells were studied in different 
culture condition? during their logarithmic growth phase. It wa* established thai the optima] 
period of determining the doubling lime of cell growih was between 24 to 48 h of passage. By 
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Fid, 9. Growlh curve for cultured lymphatic endothelium after the 4th (D) and 7th (A, B t C) 
passage inoculated at 5.8 x 10* cells/cm 3 in the following culture conditions: 
A = ECGF (100 u.g/ ml), heparin (100^/ml), 20% FCS, and gelatin; B = ECGF (100 >ig/ 
ml), 20% PCS, ond gelatin; C = ECGF (100u:g/ml). heparin (iOOu-g/ml), 20% PCS and 
plastic; D = ECGF (100 |JB/ml), heparin (100 U£/ml), 20% PCS and gelatin. 

Fig. 10, Growth curves for cultured human umbilical vein endothelium after 2 passages 
inoculated at 8 X 10" cells/cm 3 in the following conditions; 

A = ECFC (lOO^g/ml), heparin (100 f.ig/mi). 20% FCS and gelatin; B heparin (100 ng/ 
ml), 20% FCS and gelatin; C = ECGF (crude preparation, SOfil/ml), heparin (lOO^g/mi). 
20% FCS and gelatin, D = ECGF (crude preparation, 50 jil/ml), heparin (100 u,g/ml). 20% 
human AB negative serum and gelatin. 




U Tlm»(h) 



Flg.lL Growth curves for cultured human aortic 
endothelium after 7 passages and inoculated at 
5.4 x 10* cells/cm 2 in the following cuJture condi- 
tions: 

A « ECGF (100izg/ml), heparin (lOOjig/ml), 20% 
human AB negative wrum and gelatin; B = ECGF 
(I00u.g/ml), 20% human AB negative scrum and 
gelatin; C = ECGF (crude preparation, 50u.l/ml), 
heparin (100 ug/ml) > .20% human AB negative serum 
and gelatin; D = heparin (lOOjig/ml), 20% human 
AB negative <^rurn and gelatin. 



this lime ihe cells would have recovered from the shock of passage and by 48 h reached 
confluence. The relative growth curves of various endothelial cells under various growth 
conditions are shown in figs. 9, 10 and 11. It U evident that the doubling limes varied with 
culture conditions, Lymphatic endothelial cells grow beet in culture media containing ECGF/ 
heparin, FCS and on a substrate of gelatin. The results are compared wlih results from 
•previous works in table 2- 
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the purity of cultures or that some of Johnstons anit Walker's cultured cells may have lost 
their expression for FVIIIRA. We were also able to show thai cultured lymphatic endothelial 
cells have Weib el- Pelade bodies. JOHNSTONE and Walker (9) did nol publish any data on 
ullrastnjctural studies of Lheir cells. Other workers have also shown variation in FVIIIRA 
expression of lymphatic endothelia (1, 17). 

Our findings that blood vascular and lymphatic endothelio have' similar growth require- 
ments, growth characteristics and have FVIJERA further support the notion of a common 
origin of blood and lymphatic vessels. There are 2 opposing views on the origin of lymphatic 
endothelium. One view is \hut lymphatic vessels differentiate dr novo from local mesen- 
chyme as a series of channels which subsequently connect centrally to form the lymphatic 
system. The opposing view is that the lymphatic system develop? cs a series of venous 
outpouchings during early embryonic life, the channels ramify and extend peripherally to 
eventually form the definitive lymphatic system (1 1, 20), Jf we accept the latter iheory, it is 
therefore not surprising to find that endothelium from blood and lymphatic vessels share 
common characteristics. This docs not imply that there are subtle biochemical or 
immunological differences between blood and lymphatic endothelium or thnt lymphatic 
endothelia may also be site and organ specific. More work, with particular emphasis on 
cultures of lymphatic endothelium from capillaries and a study of (heir antigenic expression 
as well as biochemical features may help to elucidate some of the issues 

The Weibel-Palade body is a unique endothelial eel) structure. It has an internal substruc- 
ture of parallel micro-tubules bound by a membrane. Its exact function is not fully known, 
but recent work, has shown that it may be the site of production and/or storage of von Wil- 
lebrand factor. This notion is supported by the fact that the Weibel-Palade body has been 
seen to be closely associated with the Golgi apparatus. Some researchers have doubted the 
existence of Weibel-PaJadc bodies in lymphatic endothelium. Tabuchi and YamaMOTO (18) 
have shown Weibel-Palade bodies in canine lymphatic endothelium. There is also evidence 
that Weibel-PaJade bodies may occur in clusters in certain types of large vessel endothelia 
and scarcely in endothelia of small capillaries. Our Work has shown the presence of Weihel- 
Paladc bodies in cultured and normal lymphatic endothelium. However, we have not 
examined the distribution or the density of Weibel-Palade bodies in lymphatic endothelium. 
Nevertheless, the fact that Weibel-PaJade bodies are found in lymphatic endothelium and the 
suggestion of Weibel-Palade bodies being a source of von Wjllebrand factor raises the 
possibility ihat lymphatics may be an important source of von Willebrand factor in health 
and disease stutcs. It is also reasonable to postulate (hat the structure and biochemical 
activity of von WiJJebrand factor derived from lymphatics may differ from that derived from 
blood vessels. ^ 
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